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mind of its own

Artificial general intelligence research is moving into a new era

Al gets a

Sometimes, less is more. In January, DeepSeek released the latest version of its
chatbot, upending the artificial intelligence (Al) world. A training Al built for under $6
million, DeepSeek seems to rival the technical capabilities of other large language
model (LLM) Als, including ChatGPT, with only a fraction of the processing power.
The breakthrough was a welcome development for Song-Chun Zhu, dean of the
Institute for Artificial Intelligence at Peking University in Beijing, who has been
challenging the current LLM-dominated Al paradigm in his efforts to create artificial
general intelligence (AGI).

Zhu, a trailblazer in the Al field, graduated from Harvard University in 1996 and
has published more than 400 papers covering computer vision, cognitive science,
robot autonomy, and commonsense reasoning, among other topics. Now, he is
the founder and director of the non-profit Beijing Institute for General Artificial
Intelligence (BIGAI).

“"We as a society may have misunderstood the term ‘Al'" says Zhu. “Just like how
we call a multifunctional cellphone ‘smart’, the popular Al models we use today
are not truly intelligent.” That's because today's Al, he explains, is driven by big
data built upon massive computing power. Zhu pioneered data-driven statistical
approaches and created the world's first large-scale annotated image dataset at
the Lotus Hill Institute in 2005. However, he realized that big data sets and specific

machine learning models alone are not enough to make true intelligence. “One of

TongTong (pictured, center) is an artificial general intelligence (AGI) agent at the
Beijing Institute for General Artificial Intelligence (BIGAI) embodied in a virtual
world that emulates the complexity of the real physical social world. Here, she
interacts with her mother and generates tasks based on her value function.

the major Chinese philosophical schools, the Yangmingism or the ‘Teachings of the
Heart', argues 'the reality we see comes from how our minds perceive’,’ Zhu says. To
make Al more like humans, Zhu says, it needs to have a framework that emulates the
top-down mechanisms in the brain.

According to Zhu, the future of AGI should be a kind of autonomous Al that
doesn't require vast datasets. In 2020, Zhu returned to China to establish and lead
BIGAI Its mission: To pursue a unified theory of artificial intelligence in order to

create general intelligent agents for lifting humanity.

Defining AGI agents in CUV-space:
Zhu and his team's focus at BIGAI is on creating value-driven human-like cognition
that goes beyond data-driven imitation. “The difference between AGI and current
LLM-based Al is just like the difference between a crow and a parrot,” he said.
While parrots can mimic many words, he says, crows can achieve their goals
autonomously in the real world. In an article published in 2017, Zhu discusses how
statistical models, which modern LLMs are based upon, function like “stochastic
parrots.” While leading two Multidisciplinary University Research Initiatives at
UCLA, Zhu pursued research to make machines more crow-like, exploring the brain
mechanisms that make it possible for crows—and humans—to understand the
physical and social world and act accordingly.

Human intelligence evolves over time, as the body changes and experiences

accrue. AGI also matures over time. To help define, evaluate, and improve AGI
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development, Zhu proposed to define AGl in the

mathematical space of the "CUV framework’". In this

framework, C is the AGI's “cognitive architecture”

to think, or its simulation of the decision-making |
processes in the brain. U is a set of “potential

functions” that represent an AGI's ability to

understand and interact with its environment. V is

a set of hierarchical internal “value functions” that

supply the AGI's motivation. With this formulation,

Zhu and colleagues can define AGI agents as

points in this CUV space and characterize their

learning and self-reflection processes.

The Tong test

In Chinese, the word “general” is translated as
Tong (i8), a character that is also the logo of
BIGAI. Artistically arranged, the character also

holds the English letters "AGL." Tong Tong is the
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robotics and other mediums to serve society in

meaningful ways.

AGI safety

As Tong Tong and the Tong test continue to
grow and mature, AGl safety is front of mind
for Zhu. Because AGI behavior is human-like,
and not all humans are benevolent, there are
risks that AGI will take actions that are not in
humanity's best interests. On the other hand,
AGlI's cognitive architecture may be able to
incorporate a mutual theory of mind—in other
words, the golden rule: do unto others as you
would have them do unto you.

During a panel discussion at SafeAl 2023,
Zhu and Stuart Russell from the University of
California Berkeley, two leading figures in AGI,

had an in-depth discussion on the risks and

To promote standardized, quantitative, and objective benchmarks for the

name Zhu gave to world's first AGl agent born at
BIGAI, a digital Chinese girl that looks to be about
3to 4 years old. Tong Tong is a step forward in AGI
research, and researchers really want to know, “What is she thinking?" and "How
is she learning and making decisions?” Researchers have long relied on tests to
assess Al models. The Turing test was developed to determine whether a machine
could mimic human intelligence through dialogue. ChatGPT and other Al built on big
data can pass the Turing test, but Zhu wanted a test that could assess broad human
intelligence. Thus, the Tong Test was born, which relies on the CUV framework.
What sets Tong Tong apart from ChatGPT is that she doesn't exist in a vacuum,
but is rather embodied in a virtual world that emulates the complexity of the real
physical social world. The Tong test examines an AGI's understanding of this world—
its abilities—as well as the AGI's internal motivations for behaviors—its values. For
example, how an AGI responds to a crying baby sitting on a floor can say a lot about
its commonsense reasoning, inference of social interactions, and self-awareness.
"Those natural abilities such as emotions and languages are true embodiment of
human intelligence,” Zhu says. “Tong Tong may be an AGI agent, but she is just like a
real human child, able to understand and behave according to her own environment
even if it changes. The goal of the Tong test is to build a systematic evaluation
system to promote standardized, quantitative, and objective benchmarks and
evaluation for AGL." And Tong Tong is just the beginning; researchers at BIGAI are

developing diverse AGI agents that may someday enter the physical world through

evaluation of TongTong and other AGI agents, BIGAI researchers developed
the "Tong test," which assesses an AGl agent's understanding of their
world and how internal motivations relate to behaviors.

ethics of AGI.

When Russell raised a question about how
humans could keep AGI agents in check, Zhu
replied, “To prevent potential threats from future AGI agents to humanity, we can
gradually loosen the capability and value space of agents. It's similar to how we
approach robots: initially, we confine them in a ‘cage’ and slowly increase their
permission. Now, we already have autonomous vehicles operating on specific
roads.” Zhu added that once AGI agents are proven safe and controllable, they can
have more freedom, with the safeguard of understanding and transparency. “If we
can explicitly represent the cognitive architecture of AGl agents, understanding how
they work, we will be better equipped to control them.”

For Zhu, now is the beginning of a new era for Al to evolve into AGI. Zhu's doctoral
advisor at Harvard, mathematician and Fields medalist David Mumford, is also an
advocate of creating Als with the top-down neural architecture of the human brain.
He gave Zhu a trophy to recognize his perseverance at AGl innovation. “The future of
AGI will be a combination of science and philosophy,” Zhu says. “Chinese teachings

of the heart are crucial to guiding AGI to obtain true beneficial human behavior."
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stand the lingering
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EDITORIAL

Securing education’s future

ow a country evaluates student performance
greatly influences the views of its government and
citizenry on the quality of its education system
and its standing on the global economic stage.
Given the impact on future prosperity, health,
and well-being, regularly collecting and analyz-
ing data on student achievement are essential for
informing investments in education. In the United States,
national assessments and surveys help guide this process.
However, efforts to dismantle the Department of Educa-
tion, the agency that manages this activity, threaten this
strategic data collection, infor-
mation repository, and research
infrastructure.

Ever since the United States
Census included a question on
literacy attainment in 1840, the
federal government has contin-
ued to expand its education-re-
lated data collection to include
mathematics, science, reading,
writing, and civics. It also devel-
oped large-scale data collection
to better understand the distri-
bution of, and opportunities for,
students with disabilities and
those living in poverty. Imple-
mented by the Department of Education, these efforts
provide a national perspective on educational progress.

Much of the current rhetoric to eliminate the US De-
partment of Education calls for granting individual
states more authority to guide educational policies and
programming. However, one of the federal government’s
central roles—historically implemented in part through
this agency—has been its investment in monitoring edu-
cational progress and building datasets that enable re-
searchers to study and evaluate education in the country
and empower policy-makers to make evidence-based de-
cisions. That is why the cancellation of a National Assess-
ment of Educational Progress (NAEP) analysis last month
is alarming. The NAEP—otherwise known as the “Na-
tion’s Report Card”—has evaluated the long-term trend of
mathematics and reading performance of 17-year-old stu-
dents since the 1970s. The decision to end this federally
mandated assessment raises the question of how to best
protect national data infrastructure related to education.

The Nation’s Report Card uses two primary tools to
measure student progress [grades K through 12 (pre-
college)]. The main NAEP assesses students by school
grade (4th and 8th) in mathematics and reading at the
national, state, and local district levels. In contrast to this

“...efforts to dismantle
the Department

of Education...threaten
this...research
infrastructure.”

biennial evaluation, the long-term trend NAEP tracks stu-
dent achievement over 4-year intervals, measuring basic
skills attainment in mathematics and reading at ages 9,
13, and 17. However, the trend analysis has faced setbacks.
It was postponed in 2016 and 2020 because of budget
constraints. Education experts have debated whether to
continue examining trends, arguing that the main NAEP
provides a more forward-looking standards framework
and has been administered consistently.

Nowhere is the importance of the main NAEP more
evident than in Louisiana. Historically, the state ranks
among the lowest in the United
States on educational bench-
marks, struggling with both
literacy and math achievement.
However, recent results tell a
story of progress. According to
the Education Recovery Score-
card—a collaboration between
the Center for Education Policy
Research at Harvard University
and The Educational Opportu-
nity Project at Stanford Univer-
sity—Louisiana ranked second
among all states in math recov-
ery and first in reading recovery
between 2019 and 2024. These
estimates used methods that linked NAEP test scales with
district-level state assessments, demonstrating the piv-
otal role that the NAEP plays in the country’s research
infrastructure. This academic improvement is no acci-
dent. It reflects targeted initiatives by the state, including
a renewed focus on reading, tutoring, and training pro-
grams for teachers. These were state-level policy and pro-
grammatic decisions validated by a national assessment
of progress. Other states such as Alabama experienced
positive achievement gains as well. Without the main
NAEP—and the investments of social scientists tracking
its data—this progress would have been invisible.

The future of assessment programs, statistics and in-
dicator systems, and federally funded research in the
education arena in the United States will depend on deci-
sions by the Administration and Congress. Although the
situation is currently volatile, this moment may be an op-
portunity to strengthen and reimagine the federal role in
monitoring academic attainment and performance. En-
suring robust, nationally scaled research and evaluation
in the field of education remains possible. By acting now
with circumspection and foresight, the United States can
secure this critical infrastructure.

=William F. Tate IV

William F. Tate IV
is president of
Louisiana State
University, Baton
Rouge, LA, USA.
tate@Isu.edu

Published online 20 March 2025; 10.1126/science.adx5381
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k& No executive order is going to change a single word
in our values, a word of our mission.99

American Physical Society external affairs chief Francis Slakey, at a town hall session at last week's

IN BRIEF

Edited by
Jeffrey Brainard

he United States’s only major particle
collider this week began its 25th and fi-
nal run, embarking on months of study
of a soup of fundamental particles
called quarks and gluons resembling
the one that filled the newborn universe. In 2000,
the Relativistic Heavy Ion Collider (RHIC) at Brookhaven

National Laboratory began smashing counter-
circulating beams of gold nuclei and soon blasted out
such a quark-gluon plasma—an accomplishment some
think worthy of a Nobel Prize. Physicists went on to study

Early galaxy contained oxygen

Particles (above) gush from
a collision of gold nuclei
inside a detector called
STAR at the Relativistic

Heavy lon Collider.

Big Bang. The first stars, made from only
hydrogen and helium, formed heavier

Global Physics Summit. He affirmed the society's commitment to fostering diversity, equity, and inclusion,
following President Donald Trump's executive order banning federal support for such policies.

the odd plasma, showing it changes from a
more gaslike phase to a more liquidlike one
at lower temperatures. Later, researchers
smashed protons to probe how their spin
originates among the quarks and gluons
within them. During RHIC’s last hurrah, scientists will
again smash gold and study the quark-gluon plasma in
unprecedented detail using the upgraded sPHENIX par-
ticle detector. Afterward, RHIC will be partially disman-
tled and a $2.8 billion Electron-Ion Collider, to power
up in the 2030s, will fill its 3.8-kilometer-long tunnel.

oxygen in the JADES-GS-z14-0 galaxy using
the Atacama Large Millimeter/submilli-

AsTRONOMY | Oxygen has been detected
in the earliest known galaxy, observed as
it appeared when the universe was 2% of
its current age. The element’s presence
is a surprising finding so soon after the
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elements such as oxygen as they burned
or when they exploded. But that process
was thought to take millions of years even
in the fastest burning stars. Two research
teams independently detected plentiful

meter Array in Chile, they reported last
week in Astronomy & Astrophysics and The
Astrophysical Journal. The oxygen’s pres-
ence suggests generations of stars must
have lived and died very rapidly to have
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created so much so soon, deepening the
mystery of how the first galaxies evolved.

23andMe files for bankruptcy

BIOMEDICINE | A powerful database for
human genetic research hangs in limbo
after the DNA testing company 23andMe
announced on 23 March it had filed for
bankruptcy. Under a court-supervised

sale process, genome information from

the company’s roughly 15 million users,
along with associated information on

their diseases and other personal details,
could change hands and may no longer be
subject to the company’s current privacy
policies. It’s not yet clear what 23andMe’s
sale would mean for the academic and
industry scientists who have collaborated
with the company and relied on its data for
research on human health and evolution.
These studies have examined the role of
genetics in sexual orientation, diseases
such as Parkinson’s, and susceptibility to
COVID-19 and Long Covid, for example.
Last week, responding to securities fil-
ings from 23andMe indicating financial
trouble, California Attorney General Rob
Bonta issued a consumer alert asking
Californians to consider having the com-
pany delete their genetic data and destroy
samples of genetic material to protect their
privacy. Users elsewhere can also delete
their data by logging into their accounts on
the company’s website.

Sharks emit mysterious clicks

ANIMAL BEHAVIOR | Whales sing and sea
turtles croak undersea, but sharks have
been seen as the strong, silent type—
until now. Researchers report this week
in Royal Society Open Science the first
evidence that certain sharks make click-
ing noises intentionally, although they
can’t fully explain why. The team made
the discovery while testing the hearing
of captive sharks. The clicks came from a
kind of hound shark called a rig (Mustelus
lenticulatus). More than 1000 species

of bony fish grunt, moan, and bark, but
cartilagenous fishes such as sharks are
quieter. Researchers suspect the sounds
may be defensive; an earlier study of a
captive cownose ray found that when
prodded, it clicked and showed defensive
behaviors such as raising its barbed tail.
Like rays, rig sharks may make the noise
by snapping their flat rows of teeth, which
are blunt for crushing prey. The sharks
can hear mostly low-frequency noise, and
the clicks they emit are higher pitched,
which suggests they are not used for com-
municating with other rigs.

SCIENCE science.org

TRUMP TRACKER

CDC NOMINEE President Donald Trump
said this week he plans to nominate
Susan Monarez, acting director of the
U.S. Centers for Disease Control and
Prevention, to lead it permanently. She is
an infectious disease researcher who has
supported use of the COVID-19 vaccines,
aview at odds with statements by Health
and Human Services Secretary Robert

F. Kennedy Jr. Monarez was also deputy
director of the Advanced Research
Projects Agency for Health, created
under former President Joe Biden to
fund high-risk research; Trump'’s admin-
istration fired most of its staff.

NIH GRANTMAKING OBSTACLE EASES
The Trump administration has lifted

a freeze on advisory council meet-

ings that has held up grantmaking at
the National Institutes of Health. Its

27 institutes normally hold council
meetings three times a year, but the
administration suspended scheduling
them during a communications pause.
At least 13 such meetings are now set
for April and May. The pause created a
backlog of proposals and delayed more
than $1.5 billion in grants that ordinarily
would have been disbursed by now.

DELAYED AID PAYOUTS The administra-
tion last week said it will need until late
April to complete more than 10,000
outstanding payments to nongovern-
mental organizations and contractors
working with the U.S. Agency for
International Development (USAID).
The payments, some of which are
owed to organizations running clinical
research, have been ordered by a judge.
In a court filing, the government, which
in January froze nearly $2 billion in

foreign aid, says it cannot move faster
because it lacks complete documenta-
tion from some funding recipients—a
claim disputed by plaintiffs suing the
administration. Many payments may
arrive too late: The government has
terminated more than 80% of USAID
grants, forcing numerous organizations
to shut.

CLIMATE AUTHORS SOUGHT Tofilla
void left by the Trump administration’s
opposition to international agreements
on climate change, a group of universi-
ties and the American Geophysical
Union last week stepped in to help
recruit authors for the next major
assessment of climate science by the
United Nations's Intergovernmental
Panel on Climate Change (IPCC). The
U.S. Department of State had led the
process. Instead, the recently formed
U.S. Academic Alliance for the IPCC will
accept and forward nominations until
4 April; final author selections are made
by the panel itself.

MUSEUMS CHOPPED? A key source of
federal support for science museums
could disappear. Trump has proposed
dismantling the U.S. Institute of
Museum and Library Services (IMLS)
because he believes it is “unnec-
essary.” Some $55 million of the
institute’s $295 million annual budget
goes for competitive awards to muse-
ums. Those can be a lifeline for small
museums such as The Science Zone,
based in Casper, Wyoming, which used
a $50,000 grant to offer an exhibit,
FlexCart, about electrical circuits and
rocketry and share it with libraries in
small towns across Wyoming.

S el

An interactive exhibit at the Museum of Science in Boston, which has received IMLS grant funding.
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tested rodents in Liberia
for the Lassa virus.

GLOBAL HEALTH

U.S. cuts hamper disease surveillance worldwide

Many efforts to prevent outbreaks and track diseases are suddenly in limbo

By Jon Cohen

project to track and contain menacing

animal viruses across seven countries,

from avian influenza in poultry to

Lassa virus in rodents, ended with a

single email. In late January, Jonathon

Gass, an epidemiologist and virologist
at Tufts University, was about to leave for
Bangladesh to close out an effort to moni-
tor and combat avian influenza, when the
emailed letter arrived from the U.S. Agency
for International Development (USAID),
ordering an immediate halt to work on the
$100 million STOP Spillover project. Gass,
a co-deputy director of the project, stayed
in Massachusetts and started to call staff
around the world to tell them to drop every-
thing. One colleague monitoring Lassa virus
in Liberia was driving to a field site. “I had
to tell him that he needed to turn the car
around, come back, and book a plane ticket
home,” Gass says.

STOP Spillover, launched in 2020 as a con-
sortium led by Tufts, is one of many global
disease surveillance and response efforts
that have ground to a halt since President
Donald Trump took office. January’s stop
work order, which came in the wake of an
executive order freezing all foreign aid, was
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followed by terminations of thousands of
USAID grants that left projects in limbo or
forced them to shut down. Grant holdups
are also jeopardizing surveillance funded
by other agencies. It’s a dangerous develop-
ment, scientists say. “Surveillance is impor-
tant to understand what set of threats are
out there and how they change,” says viro-
logist David Wang of Washington University
in St. Louis. “In the absence of that, there are
going to be more sick people, more wasted
efforts trying to treat them, and lots of less
efficient health care.”

The full scope of the cuts is still unclear,
and legal challenges against them continue.
Making sense of the chaos “is more challeng-
ing than trying to understand what’s going
on with the damn diseases themselves,’ says
epidemiologist Michael Osterholm, who
heads the University of Minnesota’s Center
for Infectious Disease Research and Policy
and has advised several past administra-
tions. But it’s clear that the list of affected
diseases is long.

The sudden termination of STOP Spill-
over’s USAID award meant all its programs
were left hanging, whether they had lots
of work remaining or were a few meet-
ings away from completion, says Felicia
Nutter, a co-deputy director of the project

and a wildlife veterinarian and epidemio-
logist at Tufts. In Liberia, for example, re-
searchers are trying to figure out what to
do with a freezer full of blood samples from
people who agreed to be tested for expo-
sure to viruses such as Lassa and Ebola. The
in-country team was about halfway through
testing those samples, but now, “were un-
able to actually return the results to those
research participants,” Gass says. “This is im-
portant work that tells us about the circula-
tion of viruses that have pandemic potential.
... It’s pretty unbelievable.”

The pauses also threaten to leave research-
ers blind to new threats. Wang is one of the
principal investigators in an $82 million pro-
gram funded by the U.S. National Institute of
Allergy and Infectious Diseases (NIAID) that
watches for emerging viruses with overseas
collaborators. In Nepal, about 75% of acute
encephalitis cases have no identified cause,
he notes, but last year, the team detected
a possible culprit: a novel Gemykibivirus
found in one patient and in stored samples
from 12 others. In the United States, the team
is searching for the recently discovered Bour-
bon virus—which causes fever, nausea, and
vomiting—in ticks and people in Missouri.

Now, Wang says, “Everything is in limbo”
because of disruptions in the grant process.
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Several of the nine centers in the network
have resubmitted grant applications to keep
their programs running beyond 30 April, but
NIAID has paused meetings of the advisory
councils that must approve funding. “There’s
massive consternation as to what will hap-
pen,” Wang says.

Surveillance for HIV is in jeopardy as
well because the Trump administration has
paralyzed the President’s Emergency Plan
for AIDS Research (PEPFAR), which funds
not only treatment, but also millions of HIV
tests every year that help scientists gauge the
spread of the virus. “We are going to lose the
ability to understand what is happening to
HIV;” says epidemiologist Chris Beyrer, who
heads the Duke Global Health Institute. “Al-
ready it’s clear that the 2025 data will have to
have a significant asterisk.”

PEPFAR also contributes to detection of
tuberculosis (TB), the main cause of death
in people with AIDS. That activity is further
threatened by drastic cuts to USAID-funded
programs specifically for TB—some $178 mil-
lion, according to an estimate by the Center
for Global Development. “The potential col-
lapse of the global TB monitoring system
risks the loss of data and trends that are
essential to inform the TB response across
all levels,” says Tereza Kasaeva, director of
the Global Programme on Tuberculosis and
Lung Health at the World Health Organiza-
tion (WHO).

Making matters worse, U.S. government
scientists have been barred from speaking
to colleagues at WHO, which oversees global
surveillance for HIV/AIDS, TB, and influ-
enza and coordinates efforts to control ma-
laria, polio, cholera, hemorrhagic fevers, and
mpox. “When there was the suspected out-
break of Ebola in the [Democratic Republic
of the Congo] a few weeks ago, CDC couldn’t
call them and ask what’s going on,” says
epidemiologist Jennifer Nuzzo, who heads
the Pandemic Center at Brown University.
Just last week, Science has learned, a leading
government influenza researcher who asked
not to be named was not allowed to present
at a WHO meeting on the current spread of
that virus. The Trump administration’s plan
to leave WHO, effective January 2026, could
make monitoring diseases even harder.

Surveillance networks take years to build,
but quickly come crumbling down without
support, says Martin Cetron, who led CDC’s
Division of Global Migration and Quaran-
tine for more than 2 decades before retir-
ing in 2023. “So much of our surveillance
systems involve really critical relationships
with partners, both domestic and interna-
tional,” Cetron says. “Now, we’re turning the
clocks back.”

With reporting by Catherine Offord.
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PLANETARY SCIENCE

Mars rover detects
long-chain carbon molecules

Fatty acid byproducts that Curiosity found in an ancient
lakebed could be the remains of microbes—or not

By Paul Voosen

ASA’s Curiosity rover has detected

what could be a chemical relic of

long-ago life on Mars: long-chain or-

ganic molecules. Found after pain-

staking reanalysis of data on a sam-

ple drilled from a lake that dried up
billions of years ago, the molecules likely
derived from fatty acids, a common build-
ing block of cell membranes on Earth. The
finding, published this week in the Pro-
ceedings of the National Academy of Sci-
ences, is not a definite detection of past
life; the fatty acids could also have formed
without life. But it’s another in a series of
tantalizing hints.

“This is an amazing result,” says Monica
Grady, a planetary scientist at the Open
University who wasn’t involved in the new
research. If these are “breakdown products
from carboxylic acids, then we are seeing
something very exciting indeed.” It also
suggests Curiosity’s successor, the Perse-
verance rover, will find similar molecules,
says Jack Mustard, a planetary scientist at
Brown University. Perseverance is now col-

Grit drilled from this martian mudstone in 2013 yielded molecules that have tantalized astrobiologists.

lecting samples for an ambitious effort to
return Mars rocks to labs on Earth, where
scientists will be able to reach more defini-
tive conclusions on the molecules’ origins.

Since landing in 2012, Curiosity has trav-
eled more than 21 kilometers in Gale cra-
ter and up the slopes of Aeolis Mons, aka
Mount Sharp, the 5000-meter mountain
at the crater’s center. Early on the rover
showed that a lake with habitable condi-
tions existed at Gale more than 3 billion
years ago. It has since spotted other po-
tential signs of life: goopy organic macro-
molecules that seem to resemble kerogen,
the source material of oil, and an enrich-
ment in a “light” carbon isotope that,
on Earth, is indicative of life. “Mount
Sharp Kkeeps on giving and the rover
keeps on going,” says Ashwin Vasavada,
Curiosity’s project scientist at NASA’s Jet
Propulsion Laboratory.

The latest result comes from a mud-
stone sample called Cumberland that the
rover drilled in 2013, less than a year into
its journey, and then analyzed in its on-
board chemistry lab, the Sample Analysis
on Mars (SAM) instrument. In 2015, the
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scientific team reported preliminary signs
of long-chain organics in the sample. But
that result fizzled out, as they weren’t able
to identify the molecules and rule out the
possibility that they might be contami-
nants from Earth. “It’s been a long jour-
ney to this point,” says Daniel Glavin, an
astrobiologist at NASA's Goddard Space
Flight Center and co-author of the new pa-
per. “This is really searching for a needle
in a haystack.”

Curiosity analyzes rock samples by drill-
ing them into grit, which it then decants
into quartz cups inside SAM. The cups are
baked at temperatures up to 1100°C, and
the resulting gases are identified with a
gas chromatograph-mass spectrometer.
But SAM isn’t the equal of a terrestrial lab.

“The SAM data, it’s a mess,” says Caroline
Freissinet, who led the new study and is
now a planetary scientist at the French
Laboratory for Atmospheres, Observa-
tions, and Space. To help make sense of
it, researchers run experiments with a
twin of the instrument, housed on Earth
in martian conditions.

In 2016, a search for
complex organic mol-
ecules on a saved batch
of Cumberland mud-
stone again seemed
to come up dry. But
several years later,
Freissinet returned to
the results from the
2016 experiment. This
time, with more tests from SAM’s twin to
guide her, she noticed three blips that she
and her colleagues had missed previously.
After several months, she realized the blips
pointed to three varieties of alkanes, or-
ganic molecules that string together carbon
and hydrogen in a line: decane, undec-
ane, and dodecane, which have 10, 11, and
12 carbon atoms, respectively. There wasn’t
a huge amount of any of them, but they
were there, in the parts per billion.

Alkanes on their own are not particu-
larly durable, and the SAM team suspected
that, prior to baking, the alkanes had car-
bon dioxide attached on one end, making
them carboxylic acids—or fatty acids, as
theyre typically called. Using SAM’s twin,
they mixed a small amount of long-chain
carboxylic acid into a clay-rich soil meant
to mimic Cumberland, and baked it. Sure
enough, alkanes were produced—just as
seen on Mars—with a bloom of carbon
dioxide at the same time.

Still more work was needed to rule out
other sources for the alkanes. Since Curios-
ity landed, SAM has been plagued by solvent
leaking from one of the vials it uses, in sepa-
rate experiments, to extract organics from
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I these are “breakdown
products from [fatty]
acids, then we are seeing
something very exciting.”

Monica Grady, Open University

martian dirt. Yet no alkanes were produced
when the team repeated the experiment on
an empty cup in Curiosity, and none were
found when Curiosity drilled at another site
with similar characteristics, called Rock
Hall. Both tests seemed to eliminate stray
solvent as the source. The team also ruled
out contamination from the lubricant used
on the drill.

In the end they convinced themselves they
had emerged from the martian haystack
with a real find. “There’s no question about
it,” Glavin says. “We have three needles.”

The question now is how those three
alkanes got there. The enzymes that build
fatty acids on Earth do so two carbon atoms
at a time, meaning a predominance of even-
numbered molecules indicates a living ori-
gin. Just one of the three alkanes detected
by SAM, the undecane, would have come
from an even-numbered fatty acid, and it is
just slightly more abundant than the oth-
ers. “As amazing as this is, you can’t say
for sure one way or another whether these
are biological products,” says Chris Herd, a
geologist at the Uni-
versity of Alberta who
wasn’t involved in the
new study.

Meteorites carry car-
goes of fatty acids that
come not from life, but
from chemical reac-
tions in the early Solar
System, and they could
have easily doused the
surface with fatty acids early in martian his-
tory, says Eva Scheller, a planetary scientist
at the Massachusetts Institute of Techno-
logy. Or the acids could have evolved on
Mars from the Kkerogenlike particles that
Curiosity detected—which might them-
selves be abiotic in origin.

Although many researchers figure the
origin of these molecules won’t be resolved
until samples can be analyzed on Earth,
Freissinet is not so sure. Cumberland was
such an exciting early find that the team
collected two “doggie bags” of it for later
analysis. They used the first in their origi-
nal research, but the second remains un-
touched. The SAM team is now exploring
whether its onboard lab could detect a
wider range of alkanes, perhaps down to
a length of six carbons. If so, she says, “we
might be able to find a real trend of even
versus uneven carbon.”

But they only have one more shot at it.
So far, no Curiosity drill site has been quite
as promising as Cumberland, and the rover,
whose power supply is dwindling after
13 years on Mars, has no chance of return-
ing to it now. “This last sample,” Freissinet
says, “has to be perfect.”

QUANTUM PHYSICS

Furor over
quantum
computing
claim heats up

Physicists cast doubt on
measurements said to show
Microsoft chip uses exotic
Majorana quasiparticles

By Zack Savitsky

n 18 March in an Anaheim, Cali-

fornia, conference hall, Microsoft

physicist Chetan Nayak faced a

formidable challenge: convincing

a standing-room audience of other

scientists that his company had
shaken the landscape of quantum comput-
ing. Nayak tried to make the case that his
team had created the world’s first “topo-
logical” qubit, a robust quantum analog of
the 0-or-1 bit used in conventional com-
puters. Doing so would require not only
conjuring the Majorana quasiparticle—a
long-sought mode of electron behavior—
but also controlling multiple Majoranas to
encode quantum information.

Many audience members, however,
weren’t sold. “I don’t think the data are
convincing,” says Jelena Klinovaja, a physi-
cist at the University of Basel who attended
Nayak’s talk at the American Physical Soci-
ety’s (APS’s) Global Physics Summit.

The claims received a similarly frosty re-
ception at a talk the day before at the same
meeting, when University of St. Andrews
physicist Henry Legg—the author of two
preprints challenging Microsoft’s work—
declared that “any company claiming to
have a topological qubit in 2025 is essen-
tially selling a fairy tale.”

For his part, Nayak remains confident
that his team has tamed the Majoranas.
“We’ve only revealed a tiny fraction of what
we’ve done,” he tells Science. “It’s going to
look more and more convincing that this is
going to be the basis of a technology.”

The furor began last month, when Mi-
crosoft proclaimed via a press release and
a paper in Nature that it had achieved
a breakthrough: a chip hosting eight
Majorana-based topological qubits, which
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it says could yield utility-scale quantum
computers in a matter of years. Quantum
computing stocks soon rose, and Senator
Ted Cruz (R-TX) touted the news on the
Senate floor. In a social media post, Micro-
soft CEO Satya Nadella suggested the chip
“could be quantum’s transistor moment.”

Microsoft’s paper, however, didn’t detail
the chip or provide proof of Majoranas, fo-
cusing instead on a method for measuring
certain quantum properties of a future de-
vice. Outraged by what they deemed to be
hype, many physicists responded by post-
ing fiery comments, barbed memes, and
livestreamed takedowns online.

“I’ve never seen anything like this in my
time in physics,” says Jason Alicea, a physi-
cist at the California Institute of Techno-
logy. “The burden is on [Microsoft] to re-
ally show that what they have
is the real deal.”

For decades, scientists have
dreamed of better simulat-
ing nature and solving cer-
tain problems much faster by
building computers that oper-
ate not on conventional bits—
which can be set to either 0
or 1—but rather on qubits,
which can be set to combina-
tions of 0 and 1 simultane-
ously. But today’s quantum
computers remain stifled by
their qubits’ fragility to envi-
ronmental noise.

Microsoft is trying to build
qubit  protection directly
into its hardware by mak-
ing qubits out of Majoranas,
which are essentially delocal-
ized electrons. Because the
electrons don’t exist in any
one location, their informa-
tion can be protected “topo-
logically” from any local disturbances un-
der the right conditions.

Microsoft’s chip features ultrathin, su-
perconducting indium-arsenide wires that
force the electrons inside to form loose
pairs. Each wire can also accommodate
an extra unpaired electron, which effec-
tively splits in half to occupy a Majorana
at each end of the wire. A given wire’s two
“parity” states—which would represent a 0
or 1in a future computer—correspond to
whether the wire contains an even or odd
number of electrons. By measuring the
chip in specific ways, Nayak’s team plans
to shift and probe the wires’ parity states,
thereby encoding and reading out quan-
tum information.

To better define their search for the
elusive Majoranas—whose discovery has
been claimed and then debunked multiple
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times—Microsoft researchers devised a
protocol in 2021 that tests whether a de-
vice can host the quasiparticles. The pro-
tocol consists of a computer simulation
of their device they trained to identify
Majorana-forming states. They then fed
real measurements of the device into the
same protocol to assess its state.

In 2023, Nayak’s team claimed to have
built a device that passed the protocol; the
new paper, published in Nature on 19 Feb-
ruary, establishes a procedure for reading
out the parity of the device’s nanowires.
Microsoft claimed these results, along with
new data hinted at in a press release, con-
stituted “the world’s first quantum proces-
sor powered by topological qubits.”

Of the researchers who consider Mi-
crosoft’s claims overblown, Legg has been

In February, Microsoft unveiled its Majorana 1 processor, a quantum computing
device it claims contains eight highly robust “topological” qubits.

among the most forceful critics. A week
after the company’s February announce-
ment, he posted his first public challenge:
a preprint that sharply criticized the reli-
ability of Microsoft’s protocol for identify-
ing Majoranas. “They have some explaining
to do,” he says.

By digging into the protocol’s available
code, Legg noticed that simply changing
the measured ranges of a device’s different
parameters, such as its magnetic field, ap-
pears to affect whether the device passes
the protocol. Within each Microsoft experi-
ment, Legg tells Science, the code used to
evaluate real data also seems to be less re-
strictive than the code used for simulated
data. And in another preprint posted on
11 March, Legg argues that raw data in
Microsoft’s latest paper appear too dis-
ordered for the company’s device to have

been harboring Majoranas.

In a 15 March LinkedIn post, Microsoft
researcher Roman Lutchyn defended his
team’s work, claiming the protocol’s sensi-
tivity was expected and that the two ver-
sions of code yielded statistically similar
outputs. During the Q&A session of Legg’s
APS talk, Lutchyn issued his own chal-
lenge to Legg: “If you have a better idea,
put forward a protocol, and then let’s all
follow it.”

In his packed APS talk, Nayak unveiled
a device that combines two nanowires into
an H-shaped array that’s meant to demon-
strate a functioning qubit. He then showed
data describing the nanowires’ ability to
exist in two distinct states that are com-
plex combinations of 0 and 1, essential for
the device to operate as a qubit.

Some in the audience were
impressed by the engineering
advances behind the double-
nanowire device—but the
new measurements were also
met with skepticism. The data
suggested a single nanowire
would hold the 0 or 1 state for
up to 10 milliseconds. How-
ever, the measurements Nayak
presented for more complex
states were far less clear. Sta-
tistical analysis suggested the
complex states persisted for a
few microseconds at a time. To
some physicists in attendance,
though, the data looked more
like noise.

“I would have loved for this
to come out screaming at me
that there’s only two [distinct]
states,” says Cornell University
physicist Eun-Ah Kim, who
moderated the session. “But
that’s not what I think I see.”

Despite many physicists’ qualms over Mi-
crosoft’s current evidence for a topological
qubit, some, including University of Oxford
physicist Steve Simon, remain hopeful: Re-
cently, Simon bet Legg a Belgian beer that
Nature won’t retract Microsoft’s paper in
the next 2 years.

But for others such as Anton Akhmerov,
a physicist at the Delft University of Tech-
nology, the overriding feeling is one of
frustration—with both Microsoft’s sensa-
tional announcement and the backlash to
it. “The problem is that both sides are mak-
ing confident claims ... and I don’t think
either viewpoint is justified,” Akhmerov
says. “It'd be mnice if people would
chill out a bit.”

With reporting by Adrian Cho. Zack Savitsky is a
science journalist currently based in Berlin.
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CONSERVATION BIOLOGY

In Mexico, a whale of a controversy over gas port

Researchers want better studies of how planned LNG terminal would affect marine life

By Alexa Robles-Gil

ix years ago, biologist Lorena

Viloria Gémora was aboard a boat

in the Gulf of California off Mexico’s

west coast, attaching satellite track-

ing tags to fin whales, when the water

came alive. Some 100 fin and endan-
gered blue whales began to feed nearby, their
backs breaking the surface. The remarkable
scene, which unfolded near the small coastal
town of Puerto Libertad, highlighted that
these waters are “an idyllic, quiet area for
whales,” says Viloria Gémora, who works at
the Autonomous University of Baja California
Sur (UABCS).

Now, Viloria Gémora and other scientists
fear that quiet will be shattered by one of the
largest energy projects ever proposed in Mex-
ico: a massive liquefied natural gas (LNG)
terminal, to be built in Puerto Libertad. To
move the LNG to markets abroad, huge tank-
ers would routinely sail through waters that
whales use for feeding, breeding, and migra-
tion, threatening them with deadly collisions.

“I’'m worried,” says whale researcher Jorge
Urban of UABCS, one of many researchers in
Mexico opposing the $15 billion project, to be
completed by the end of this decade. If the
terminal is built, he says, “we are going to re-
gret it a lot”

Last month, Mexico’s environmental per-
mitting agency announced it was putting the
terminal on hold while it reviewed five legal
challenges, known as amparos, filed by in-
dividuals and environmental organizations.
Among the complaints: flaws in assessments
of the project’s environmental impacts.
“There are many gaps, errors, and serious
inaccuracies,” asserts Viloria Gomora, who
together with Urban and another UABCS
colleague wrote a technical critique of the as-
sessments that was released in January.

The pause marks the latest twist in a nearly
2-decade-old effort to build an LNG terminal
in Puerto Libertad. The town lies near the
head of the Gulf of California, once known as
the Sea of Cortez. The narrow, 1100-kilometer-
long body of water is one of the world’s
marine mammal hot spots. It is home to
36 species of cetaceans, including the highly
endangered vaquita porpoise as well as one
of two known groups of “resident” fin whales,
which live there year-round.

The terminal was originally designed to
import gas into Mexico, and in 2006 Mexico’s
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government approved an environmental im-
pact assessment (EIA) of the facility as part
of its permitting process. But the import
terminal was never built, and the 2006 EIA
“describes a project very different from the
current” one, wrote Viloria Gémora and her
co-authors. In 2018, Mexico Pacific, a U.S--
based firm, took control and changed the de-
sign to an export terminal, three times bigger,
that is now part of a larger plan called Sa-
guaro Energia. It would use an 800-kilometer-
long pipeline and a fleet of tankers to move
up to 2.8 billion cubic feet of natural gas per
day from wells in Texas, through Mexico,
and then across the Pacific Ocean, primarily
to Asia. In 2023, the company gave Mexican
regulators an outline of its plan for limiting
the facility’s environmental impact.

Critics of the project say both the original
EIA and the new plan understate the project’s
risks to marine life. The assessments lack the
detailed, up-to-date information needed to
realistically assess collision risks, the crit-
ics say, including fine-scale maps of actual
tanker routes and data on whale distribution.
The assessments are also silent on another is-
sue, researchers say: the potential impact of
noise pollution created by the ships. Previous
studies, they note, have shown ship noise can
alter whale behavior; in the gulf, scientists
have found that humpback whales sing less
in areas with more ship noise.

In November 2024, such issues prompted
the International Union for Conservation of
Nature (IUCN) and the Mexican Society of
Marine Mastozoology to write to Mexico’s
environmental regulator, raising those con-
cerns. IUCN questioned whether the pro-
posed site was “suitable” given its proximity
to key whale habitat, and the zoologists
warned the project would cause “immeasur-
able” harm to cetaceans.

At a minimum, opponents of the termi-
nal say the government should require up-
dated environmental studies before deciding
whether the project can move forward. (Mex-
ico Pacific declined to answer detailed ques-
tions about the project.)

It’s not clear when Mexico’s environmen-
tal agency will decide how to respond to the
amparos. (The Mexican government did not
respond to a request for comment.) And even
if the agency approves the terminal, it’s not
certain the company can raise the billions
needed to launch Saguaro Energia.

In the meantime, terminal opponents, led
by a group called Conexiones Climaticas,
have launched a “Whales or Gas?” campaign
to build public opposition to the project. And
the waters off Puerto Libertad remain tran-
quil. During a recent visit, a pod of dolphins
circled fish not far from the proposed LNG
terminal as a lone humpback on its way to
a breeding ground surfaced just offshore.
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South Africa caught in new
tsunami of NIH grant cuts

Agency moves to terminate nearly 1000 projects,
including many involving “DEI” and LGBTQ health

By Jon Cohen and Sara Reardon

threat hanging over South African

HIV/AIDS researchers for days has

become a reality: President Donald

Trump’s administration on 21 March

began terminating or putting on hold

South Africa’s grants from the U.S.
National Institutes of Health (NIH). The
cuts appear in part linked to an escalation
of NIH efforts to terminate grants touching
on topics such as diversity, equity, and in-
clusion (DEI) and LGBTQ health.

“This is going to cut deep,” says HIV clini-
cian Ian Sanne, a principal investigator of a
terminated $2.5 million grant to the Univer-
sity of the Witwatersrand (Wits) Research
Group Clinical Unit,
which participates in
international human
trials of HIV and tuber-
culosis (TB) medicines.
Sanne and others had
been bracing for the
cuts after learning of
a 12 March email from
NIH’s acting director
asking staff to compile
lists of South Africa-
related grants. He notes
that the grant’s termi-
nation puts volunteers
who are in ongoing tri-
als at risk. “Is this compliant with interna-
tional standards of human ethics?”

Several of Trump’s executive orders—
including some that mention DEI and an-
other blocking U.S. aid to South Africa in part
because of alleged discrimination against
white farmers—might be driving the termi-
nations. But a memo obtained by Science di-
rects NIH program officers not to mention
the executive orders, several of which have
been temporarily blocked by judges, in com-
munications with researchers.

A letter terminating the grant to Wits
gives no specific reason, but says it “no lon-
ger effectuates agency priorities.” It states
that DEI “studies are often used to support
unlawful discrimination on the basis of race
and other protected characteristics, which
harms the health of Americans.”

Clinical trials in South Africa have played
central roles in evaluating new anti-HIV drugs.

“Our work has nothing to do with DEI
and everything to do with global health
security” through studying diseases “that
know no borders,” Sanne says.

The memo directs NIH to quickly termi-
nate 945 specific grants, many of which sup-
port research outside South Africa. Multiple
researchers have told Science their grants
related to LGBTQ health inside the United
States were also terminated on 21 March.
The cuts follow previous terminations of
grants involving diversity, transgender
health, and vaccine hesitancy, among other
topics. The memo also said all new and re-
newable grants with money going to South
Africa and China are on hold.

Glenda Gray, an HIV/AIDS researcher
at Wits and chief sci-
entific officer of South
Africa’s Medical Re-
search  Council, re-
ceived notice that her
own $3.1 million grant
for a clinical trial unit
in Soweto has moved
from an approved to
a pending status. She
notes that South Africa,
which has more people
living with HIV than
any other, has played a
pivotal role in clinical
trials that helped anti-
HIV and TB drugs win approval. It has also
shaped international guidelines about the
most effective ways to use them.

According to a back-of-the-envelope cal-
culation Gray did, South Africa receives
about $250 million a year from NIH for
medical research, three times what the
government there invests. “If you take this
away, you take away scientists, doctors,
nurses, laboratories, fundamental science,
basic science, clinical science, super-
visors for Ph.D.s and masters, and postdocs.
You basically abolish medical research
in South Africa.”

But she stresses that the cuts reach far
beyond South Africa. “It appears that no
institution and no country is being spared,”
Gray says. “This is an orchestrated assault
on NIH-funded science.”
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How did cow flu start? Scientists still don’t know

One year later, how H5N1 spills over into dairy cattle—and how often—remains a mystery

By Kai Kupferschmidt

hen U.S. Department of Agricul-
ture (USDA) officials reported
on 25 March 2024 that the H5N1
avian influenza virus had in-
fected dairy cattle in Texas and
Kansas, it seemed a freak event—
a rare confluence of factors that somehow
allowed a bird virus to infect cows.

But 10 months later, on 31 January,
USDA said it had detected another jump
to cattle, this time in Nevada. And 2 weeks
later, another one, in Arizona.

One year into the United States’s cow flu
outbreak, many important questions re-
main unanswered, including how the virus
is spreading from one farm to the next. But
perhaps the most basic one is how it man-
ages to get into cattle in the first place—
and how often that happens. Knowing the
answers is “really important,” says Thijs
Kuiken, a wildlife pathologist at Erasmus
University Medical Center, because
“then you can change the system so
that it doesn’t happen again.”

The answers also matter for ef-
forts to control the current out-
break. If the first spillover had been
a fluke, stopping infections—for
example through extensive testing
and rigorous quarantine and isola-
tion measures—might have put the
genie back into the bottle. But the repeated
introductions suggest outbreaks will con-
tinue to occur. They also raise fears that
persistent cattle infections could allow the
virus to change—by mutating or recombin-
ing with another flu virus—to spread effi-
ciently in humans and spark a pandemic.

“I think this sort of changes the whole
ecology,” says bird flu researcher Richard
Webby of St. Jude Children’s Research Hos-
pital. “From a dairy industry perspective,
this, to me, signals that they’re in it for the
long term.” He says the U.S. government
needs to do more to monitor and contain
the virus, and that cattle may need to be
vaccinated to control the outbreaks. Other-
wise, “We’re going to be playing whack-a-
mole,” says evolutionary biologist Michael
Worobey of the University of Arizona.

The H5NI1 infections in cows were the
latest surprise move of a highly pathogenic
avian influenza strain called clade 2.3.4.4b
that has ravaged wild bird and poultry
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populations since 2020. It soon became
clear the virus was confined to the udders
of lactating dairy cows. Initially, Worobey
and others speculated a particular set of
mutations in the viral genotype, named
B3.13, might have made the jump possible.
But veterinary virologist Martin Beer and
colleagues at the Friedrich Loeffler Insti-
tute showed that inoculating cow udders
with a different version of H5N1 from Eu-
ropean birds also led to infection. And the
spillovers announced in January and Feb-
ruary were both with yet another genotype
called D1.1.

If cows are easily infected, it’s puzzling
that spillovers have not been reported
from Europe, where H5N1 outbreaks in
poultry and wild birds have gone on much
longer. Jiirgen Richt, a veterinarian at
Kansas State University, believes spill-
overs probably do occur on the continent,
but that differences in farming practices
prevent them from resulting in large out-

“I think we have really underestimated
this pathogen and haven’t made the strides

that we needed toinayear.”

Seema Lakdawala, Emory University

breaks. More than 50,000 lactating milk
cows were moved between U.S. farms ev-
ery week before the outbreak, he says, in
part because cattle operations are much
larger and often span several states. “That
doesn’t happen in Europe and it makes a
huge difference.”

Kuiken agrees: “There appears to be
something different between the U.S. dairy
industry and the dairy industry of other
countries that allows this to happen.”

A surprising new infection supports that
view. On 24 March, U.K. officials announced
that recently introduced testing of livestock
at properties with infected birds has picked
up an H5N1 infection in a sheep—the first
ever in that species. Other sheep in the flock
were not infected. Details are sparse, but “it
fits with the idea that such spillovers occur
more frequently, but don’t lead to extended
outbreaks,” Kuiken says.

On the other hand, if Europe has the oc-
casional spillover into cattle, some cows

there would have antibodies against H5N1,
a sign of past infection. Testing in thou-
sands of cows in Italy, Germany, Sweden,
Norway, the United Kingdom, and the
Netherlands has not found antibodies or
active infections. If spillover is happening
in Europe, “it must be a very rare event,”
Beer concludes.

He thinks it is more common in the U.S.
because the poultry outbreak there, though
it lagged Europe’s, is now much larger.
“There is a huge viral pressure,” Beer says.
More than 160 million poultry birds have
been killed by H5N1 or were culled since
late 2021, far more than in Europe. The
fact that U.S. cattle often roam outside
may also increase the risk. “In Europe
at most of the dairy farms I've seen, the
animals are inside and rather controlled,”
Richt says.

Exactly how the virus infects cattle is a
question as well. Beer says it may get in-
troduced into a cow’s udder inadvertently,
for instance by a veterinarian treat-
ing a diseased udder with contami-
nated equipment. There is some
precedent for this: In 2016, HIN1
influenza was found in the repro-
ductive tracts of turkeys in Norway,
apparently passed on during artifi-
cial insemination.

Carefully investigating each spill-
over event could help answer these
questions. But so far, “There hasn’t been any
proper analysis of the local epidemiological
circumstances,” Kuiken says. The first cattle
outbreak was discovered several months
after the fact and it’s not clear where it oc-
curred. In the second case, in Nevada, a
sample from a silo that contained milk from
multiple farms tested positive, and it took
weeks to pinpoint the two affected farms.
(Storing a milk sample from every farm
that contributes to a silo could speed up the
identification process, Worobey notes.)

Only the most recent spillover, in Ari-
zona, was detected rapidly, because that
state tests milk from individual farms.
But Seema Lakdawala, a flu researcher at
Emory University who is studying how the
virus may be spreading on and between
farms, says it’s unclear whether anyone is
investigating further. That fits a pattern,
she adds: “I think we have really under-
estimated this pathogen and haven’t made
the strides that we needed to in a year.”
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INTHE ASHES

After wildfires burned houses and brush alike in Los Angeles, researchers have
mobilized to understand the health risks posed by urban conflagrations

he modest, single-story house lay

like a patient on an operating table.

Tubes snaked from a window into

the back of a van parked in the

driveway. A dozen scientists bustled

through the rooms, faces shrouded

by bulky respirators. One poured

water from the kitchen faucet into a

bottle. Another swabbed a section of

the kitchen floor with rubbing alcohol. Oth-

ers adjusted sensors dangling from a metal

stand in the living room like intravenous
bottles next to a hospital bed.

“It’s a big team,” proclaimed Yifang Zhu, an

air pollution expert at the University of Cali-

fornia, Los Angeles (UCLA), as she stood in
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By Warren Cornwall,
in Altadena, California

the driveway one day in February. “It’s great
that everyone came.”

“Something good has to come out of this
mess,’ replied the homeowner, who asked not
to be named.

Nearby lay the “mess” A month ear-
lier, a raging wildfire had descended on
the Los Angeles community of Altadena,
transforming entire blocks into a charred
wasteland. Brick chimneys stood like tower-

Wildfires that consume urban areas
spew a unique brew of toxic smoke and ash.

ing gravestones amid the wreckage. Liv-
ing rooms, kitchens, and bedrooms had
vanished, replaced by unrecognizable skel-
etons of metal, piles of ash, and scorched
paint cans. The single-story house survived
the blaze. But to the west, all of its imme-
diate neighbors had succumbed to wind-
driven flames that rushed from the nearby
San Gabriel Mountains in early January.
It was one of several wildfires that rav-
aged sections of LA amid a powerful wind-
storm, burning 20,000 hectares, killing at
least 29 people, and torching more than
16,000 structures. Weeks later, the balmy
Southern California breeze still smelled
faintly like an ash tray.
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The scene at the cream-colored 1960s era
ranch home was a microcosm of what’s go-
ing on across this crowded coastal basin. Sci-
entists from about a dozen universities and
government labs in California and elsewhere
have converged on LA neighborhoods to help
answer questions about the environmental
and health threats posed by conflagrations
that are part wildfire, part house fire.

Little is known about the long-term ef-
fects of wildfires that burn into urban areas,
which are becoming more common. Wild-
fire torched more than 1000 structures near
Boulder, Colorado, in 2021 and more than
2000 structures in the Hawaiian town of
Lahaina in 2023, where 102 people died. In
2022, a committee formed by the National
Academies of Sciences, Engineering, and
Medicine found gaping holes in our under-
standing of what’s in the smoke and ash from
wildland-urban fires, and what it could mean
for people’s health.

“These fires give us entirely new sets of
toxic contaminants,” says David Allen, a
chemical engineer at the University of Texas
(UT) at Austin who chaired the National
Academies committee and is part of the
team that dispatched the van to Altadena.
Residents in the affected areas, he notes,
want to know whether it’s safe to return to
houses that are still standing. “We have very
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little scientific knowledge that we can use to
direct guidance.”

A handful of research projects popped up
in the aftermath of the Colorado and Hawaii
blazes. But the initiative that brought re-
searchers to the Altadena home is unusual
for its scope, the speed at which it has been
launched, and its planned 10-year duration,
says Kari Nadeau, a Harvard University en-
vironmental health scientist who is helping
lead the work. It’s expected to cost more than
$25 million, with the largest chunk of fund-
ing so far coming from the family foundation
of 34-year-old billionaire Evan Spiegel, an LA
resident and co-founder of the company be-
hind the popular messaging app Snapchat.

“This will be the first study to test every-
thing all at once—in air, water, and soil, not
just outside but inside homes and inside
schools,” Nadeau says.

THE BLAZE THAT CONSUMED parts of Altadena
started as a brush fire on a hillside near Ea-
ton Canyon. At first, the smoke would have
been a predictable mixture of hundreds of
chemicals that are known to emanate from
plant-fueled fires, including microscopic par-
ticles, toxic gases, and nitrogen-based mol-
ecules such as ammonia.

But within hours, the nature of the fire—
and the smoke—changed dramatically. Winds

Smoke and ash from January fires
wafted over many Los Angeles
neighborhoods, including this one
in Pacific Palisades:

gusting at more than 100 kilometers per hour
showered nearby homes with embers, ignit-
ing blazes that overwhelmed firefighters. As
entire blocks burned through the night, the
billowing smoke became more complex and
mysterious—filled with a range of toxic com-
pounds from the burning of lead-based paint,
lithium batteries, vinyl siding, fiberglass insu-
lation, electrical wiring, nylon clothes, rubber
tires, and more.

Fires have been blamed for a long list of
health ills. Wildland fire smoke has been
linked to increased hospital admissions for
asthma, strokes, and heart attacks. House
fires have been associated with higher levels
of cancer in firefighters.

But new hazards arise when those two
things meet and a wildfire consumes an en-
tire neighborhood. The high intensity of wild-
fire can alter the chemicals swirling in the air
after they are emitted from burning houses.
The number of people affected when wildfire
sweeps into urban areas also dwarfs the num-
ber exposed during a typical house fire. More
than 18 million people live in the greater LA
metropolitan area, and a huge swath of them
were bathed in hazardous levels of air pollu-
tion in January. Tests at the California Insti-
tute of Technology, for instance, 4 kilometers
from Altadena, found elevated levels of lead
in ash that seeped into campus buildings.

science.org SCIENCE
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The Eaton Fire damaged or destroyed more
than 10,000 buildings, largely in Altadena.

Angeles
National Forest

Burn scars Fast-moving wildfires in Los Angeles early this year killed 29 people, destroyed some 16,000 structures, and caused more than $130 billion in damage,
making them the costliest in U.S. history. Scientists are racing to burned areas to understand the toll on people and the environment.

Little is known about how such fires
affect the health of people over time. Af-
ter Lahaina was devastated by the 2023
wildfire, University of Hawaii at Manoa
epigeneticist Alika Maunakea dug into
the scientific literature and found almost
nothing. “It seemed like there would be
a more concerted effort to really under-
stand the long-term consequences,” says
Maunakea, whose previous work had fo-
cused on health problems such as diabetes
and heart disease.

Maunakea now heads a project tracking
the health of Lahaina residents. It has found
that people more directly exposed to the fire
suffered from much higher rates of depres-
sion and anxiety than the island’s general
population more than 6 months after the
disaster. They also had lower lung function,
according to unpublished results. But the fire
is recent enough that insights are only begin-
ning to emerge.

The unanswered questions have made it
hard for researchers in LA to know what to
tell residents about when they can return to
their homes and what they should do with
household items.

The Altadena homeowner, for instance,
was curious about the risk of wearing clothes
left behind that she later put through a wash-
ing machine. “Is that stuff fine?” she asked
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Anna Neville, a UT Austin chemical engineer-
ing Ph.D. student, as they stood next to the
university’s research van.

“I would think after washing it a few times
it would be OK,” Neville said, her voice muf-
fled by a thick, rubber mask. Then she hesi-
tated. “I'm not quite sure.”

“I threw them away anyway, the home-
owner said with a laugh through her own
mask. “We didn’t know what we were doing.
No one knows.”

THE HOME LOOKED LARGELY UNTOUCHED. A
rope swing dangled from a sweetgum tree in
the front yard. Inside, a child’s book of piano
music rested on a couch. A plastic cup with a
tea bag stood on the kitchen table, left when
the homeowner, her partner, and two young
children fled.

Yet the fire came breathtakingly close.
Flames consumed part of a wooden fence
within arm’s reach of the building. Scorched
leaves lay in the grass along the front wall.
For hours, the house had marinated in smoke
and ash from the nearby flames.

Zhu’s UCLA team had begun its work as
the fires burned, deploying sensors to mea-
sure airborne chemicals in and around
homes. Now, a bevy of scientists had joined
them to learn what pollutants were seeping
from the structures and the ground weeks

later, and whether precautions such as air fil-
ters can help protect occupants.

“We are really interested in what happens
to ... exposure in the homes. And what can
we do to mitigate the risk,” says Joe Allen, an
indoor air-quality expert who runs Harvard’s
Healthy Buildings Program and is supervis-
ing Harvard’s share of the in-home sampling.

The Harvard group has focused on
50 houses, sweeping up ash and collecting
other samples that could give a complete
picture of the contaminants penetrating a
home and how long they might stay. They are
also tapping into more than 1000 air pollu-
tion sensors sold by the company Airthings,
which were already installed in LA houses
before the fires.

The electric-powered van was the Texas
group’s tool of choice. It housed two mass
spectrometers, each roughly as big as a re-
frigerator. Although the devices couldn’t
linger in the house for days like the sensors
from the UCLA and Harvard groups, their
ability to detect hundreds of chemicals of-
fered a more complete picture of the mélange
of pollutants.

Because it’s mobile, the van could also
map how the pollution varies throughout
the neighborhood. In early February, the re-
searchers spent hours slowly cruising down
streets that alternate between charred wreck-
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age and pristine lawns. The results will help
them build a computer model to estimate
how details of the structures that burned,
such as their construction materials and age,
influence the emissions. That, in turn, could
give public health officials, environmental
regulators, and residents a better grasp of
what is coming from urban infernos.

In the home’s driveway, the machines were
already revealing why a mask might still be
advisable. Shihao Zhai, a UT Austin chemical
engineering Ph.D. student, crouched at the
van’s open side door, peering at the screen
of a laptop. “It’s kind of amazing how high
the indoor concentration is,” he said, point-
ing to a graph that traced levels of benzene, a
chemical that is commonly found in wildfire
smoke. Long-term exposures to high levels
of benzene are tied to anemia,
leukemia, irregular menstrual
cycles, and low birth weights.

That measurement echoes re-
sults from one of the only other
wildland-urban  fires where
in-home pollution was closely
tracked. After the Colorado fire
in 2021, researchers filled a house
in the town of Superior that nar-
rowly escaped the fire with air-
quality sensors and found that
benzene lingered longer than
other pollutants. “I would have
expected it to take a few hours
or days [to disperse], but it took
weeks,” says Joost de Gouw, an
air pollution scientist at the Uni-
versity of Colorado Boulder (CU
Boulder) who helped lead the
research. “We really don’t under-
stand why that is.”

The persistence of smoke-
related gases and other con-
taminants in LA homes
immediately within burned areas has
prompted researchers to warn residents
living in such houses to take precautions,
including using air purifiers, air-quality
sensors, and masks that can filter gases
as well as dust. “The message is: Be really
careful what you’re doing indoors,” David
Allen says.

ELSEWHERE, SCIENTISTS ARE STUDYING the
people who were exposed to the smoke and
ash. Jeff Burgess, a University of Arizona oc-
cupational health scientist, says LA firefight-
ers are concerned the smoke from the fires
might sicken them, recalling that firefight-
ers who responded to the 9/11 attacks in
New York City suffered from increased lung
ailments and some types of cancer. “Some
people are saying this could be a World Trade
Center-like event,” Burgess says. “It might be.
We don’t know.”
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Burgess was already working with several
LA-area fire departments to learn whether
the health effects of fighting wildland-urban
fires are different from those of the wildfires
and building fires he has investigated else-
where. When the January firestorm struck,
Burgess went into overdrive, enrolling
400 more firefighters.

Some donned silicone bracelets that
absorbed chemicals as they battled the
flames, providing a glimpse of the toxic
chemicals they were exposed to. Those
volunteers and others also provided blood
and urine samples, which the research-
ers will use to determine what chemicals
soaked into their bodies, how their bodies
are reacting, and whether they have el-
evated chemical markers associated with

Air pollution expert Yifang Zhu is masked against pollutants while visiting a house in
Altadena, California, where she’s studying the lingering effects of wildfire smoke.

diseases such as cancer. Their health will
be tracked for more than 20 years.

Harvard’s Nadeau is exploring similar
questions for a broader range of people. She’s
collaborating with researchers from UCLA,
the University of Southern California, and
the Cedars Sinai Medical Center, among oth-
ers, who had already enrolled more than
9000 people in the LA area in yearslong stud-
ies tracking their health. The studies’ large
scale and long duration will enable research-
ers to see whether exposure to the fire affects
people’s immediate and long-term health,
and whether changes in blood samples taken
before and after the disaster can predict later
health problems.

Nadeau also plans to follow families living
in 50 of the houses being tested for pollution,
to see whether contamination in their homes
can be correlated with their future health
or with chemical traces in their bodies. The

scientists will continue to track people for at
least a decade. “Sometimes it really does take
10 years for a memory T cell to, say, turn into
a lymphoma,” Nadeau says.

THE RISK OF these hybrid wildland-urban
fires has skyrocketed in recent years, as more
houses are built at the edge of natural areas
and a combination of a warming climate and
overgrown forests fuels bigger, more fero-
cious fires.

Fast-moving fires, like the Altadena blaze,
are the ones most likely to spread into devel-
oped areas and destroy houses, says Jennifer
Balch, a fire ecologist at CU Boulder. Last
year, her team published a paper in Science
(25 October 2024, p. 425) showing that in the
western United States, fires have been speed-
ing up—spreading at more than
double the rate they were 2 de-
cades ago.

“The thing that keeps me up
at night as a scientist is where
are we going to see the next
one,” Balch says. “We’ve stacked
the odds in terms of building in
flammable places. We've altered
the climate to make things hot-
ter and drier. It’s just a matter of
when, it’s not a matter of if”

The growing problem isn’t
confined to the U.S. Regions
where development meets wild-
lands have expanded globally
by 24% since 2001, scientists re-
ported last year in Environmen-
tal Research Letters, with more
than half of that growth occur-
ring in Africa. And fires in these
areas accounted for a growing
share of the total land burned
each year.

That means the scene playing
out in front of Zhu and the Altadena home-
owner is sure to be repeated again and again.
The two stood with their backs to the home,
surveying what remained of the neighbor-
hood. People shrouded in white plastic suits
picked through the rubble in an effort by
the U.S. Environmental Protection Agency
to retrieve hazardous materials such as cans
of paint. Next, the U.S. Army Corps of Engi-
neers is slated to oversee the demolition and
removal of the bulk of the debris, something
that could stir up toxic ash and dust yet again.

Although some people have already re-
turned to nearby homes, this family is wait-
ing until cleanup efforts are complete.

“You haven’t moved back here?” Zhu asked.

“No,” the homeowner replied.

“That,” Zhu said, “was very wise.”

This story was supported by the
Vapnek Family Foundation.
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A California firefighter takes part in a test of a new mask, meant to protect wildland firefighters from pollutants while not hampering strenuous work.

Safety in the smoke

n January, as wildfires consumed parts of several Los Angeles

neighborhoods, firefighters spent days engulfed in toxic smoke and

ash. Many wore little more than a bandana to protect their lungs.

“That's a 21st century respiratory protection device for a wild-

land firefighter. And that is crap,” Rick Swan, a retired California
wildland firefighter and former top safety official with the International
Association of Fire Fighters, said at a February meeting in Sacra-
mento, California.

But better protection might soon be on the way. California an-
nounced in 2022 it will eventually require all state and local wildland
firefighters to be provided with air-purifying respirators. The move has
sparked a flurry of research and investments, with scientists, govern-
ment officials, and companies all working to build a suitable respirator.

It's a challenging problem because of the nature of wildland firefight-
ing. Urban firefighters entering a burning building for a few minutes can
carry oxygen tanks. The workers cleaning up the debris from the LA
fires wear standard respirators. But those protections are not a practical
solution for wildland firefighters, who are often away from their base for
hours or days, doing backbreaking work such as digging up vegetation
and hiking with packs weighing 20 kilograms or more in steep terrain in
hot weather. They need a mask that blocks the onslaught of toxic chemi-
cals but doesn't impede their ability to breathe or otherwise do their job.

At a laboratory at the University of California, Los Angeles (UCLA),
industrial hygienist Rachael Jones is seeing whether filter cartridges
from different respirators can meet the first of those requirements.
Usually, such filters are tested with a single type of chemical, but
Jones is exposing them to a brew of chemicals like those from wildfire
that burns houses as well as vegetation. “We're trying to really over-
load the cartridges,” she said as she stood near a contraption that
looked like a cross between a wood stove and a plastic maze built to
entertain hamsters.

A master's student, Bella Chen, lit a potpourri of wood chips, plas-
tic, carpeting, upholstery foam, insulation, and other household items
and sealed it inside the stove. A pump pulled the smoke through a
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series of plastic tunnels and into one of six different cartridge models.
Sensors placed downstream of the cartridges detected which chemi-
cals leaked through.

Afilter that can't cope with the smoke might give firefighters a false
sense of safety. “You don't want to be standing there thinking, ‘l can be
here right now because | can breathe, but you have a lot of bad stuff
getting through,” says Derek Urwin, a UCLA chemist and Los Angeles
County firefighter who is collaborating with Jones.

Meanwhile, San Jose State University industrial engineer Anil
Kumar plans to test whether wildland firefighters can work while
breathing through a mask. This spring, he'll have members of the
Santa Rosa Fire Department dressed in full wildland firefighting
gear march up and down a flight of stairs and pound on a large tire
with sledgehammers, all while wearing prototype masks that use
a fan to flush filtered air to a person’s face. The researchers will
measure the firefighters' heart rates, respiration, and the speed of
their movements. They will also ask what the firefighters think of the
experience. “I can design the best product, but if the customer is not
willing to use it, | have failed,” he says.

The push in California has caught the attention of several major
mask manufacturers, including the German company Drager, which
is working on a mask first developed by Colorado company TDA
Research that adjusts the flow of purified air based on the person’s
breathing rate. Prototypes of the mask have been tested in California
on firefighters simulating the kind of work done to fight a fire, and
Kumar hopes to include one in his upcoming studies. Drager officials
declined to say when a mask might be ready for sale.

It can’'t some soon enough for Alex Hamilton, chief of the fire de-
partment in Oxnard, California. When he visited some of his firefight-
ers who were protecting homes from the inferno burning through the
Pacific Palisades neighborhood in LA, he was shocked by how foul
the air was. He says it reeked of synthetic chemicals. “I'm terrified of
what we're going to see 10 or 15 years from now in terms of long-term
health impacts,” Hamilton says.

He's ready to stock up on better performing masks, once they are
available. ‘| would find the money to make that happen,” he says. —W.C.
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Permanent shifts in the global water cycle

Decades of terrestrial water-storage changes reveal an irreversible decline in soil moisture

By Luis Samaniego’2

nderstanding the relationship be-
tween atmospheric carbon levels
and global temperature dates back
to 1895, when Swedish scientist
Svante Arrhenius argued that varia-
tions in carbon dioxide concentra-
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tions could affect Earth’s heat budget. How
climate warming affects Earth’s hydrologi-
cal cycle—the continuous water movement
between Earth and the atmosphere—is a
key question for managing water resources
and making weather predictions. Although
local and regional changes in the water
cycle have been observed (I, 2), conclu-

sive proof of a global-scale shift has been
elusive. Answering this question requires
decades of global mean sea level data and
advanced climate and hydrological mod-
eling. On page 1408 of this issue, Seo et
al. (3) report how the integration of mul-
tiple global geophysical datasets reveals
a permanent decline in terrestrial water
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storage. The study provides robust evi-
dence of an irreversible shift in terrestrial
water sources under the present changes
in climate.

Earth is an irregular, deformable body
that rotates around an axis. A slight mis-
alignment of this axis from the principal
figure axis, which represents the “ideal”
center of mass, causes a wobbling mo-
tion known as polar motion. One of the

IDepartment of Computational Hydrosystems, UFZ-
Helmholtz Centre for Environmental Research, Leipzig,
Germany. 2Institute of Environmental Science and
Geography, University of Potsdam, Potsdam, Germany.
Email: luis.samaniego@ufz.de
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The water level of Lake Mead, Nevada, has receded
substantially from 2000 to 2022, indicating
a permanent shift in terrestrial water storage.

dominant components of polar motion is
the Chandler wobble, which is a periodic
oscillation of Earth’s rotational pole (4).
Early reports suggested that meteorologi-
cal factors such as atmospheric pressure,
wind, and precipitation could potentially
drive the Chandler wobble (5, 6). However,
large variations—up to 300 milliarcsec-
onds (mas; 1 mas is equal to 3 cm of polar
motion)—in the observed oscillation previ-
ously hindered conclusive evidence for this
hypothesis (6). Advancements in instru-
mentation have exponen-
tially reduced uncertainty,
reaching less than 1 mas in
2020. Further progress in
understanding the excitation
mechanisms of the Chandler
wobble have also relied on
improvements in meteoro-
logical, oceanic, and hydro-
logical modeling (6). These
developments have helped
confirm permanent climate
changes (7). Assessing the
impacts of precipitation,
evaporation, and runoff (the
amount of water flow across
Earth’s surface) on polar motion by using
coarse, interpolated global observations
has shown that water distribution affects
Earth’s gravitational field, and changes in
soil moisture can contribute to low-fre-
quency variations in polar motion (5).
Tracking terrestrial water storage at
continental scales with high resolution is
crucial for managing water resources and
ecosystems. Reanalysis combines histori-
cal observations with modern numerical
weather prediction through data assimi-
lation to produce a long-term, consistent
dataset (8). This approach, which relies on
vast amounts of satellite and field observa-
tions, has contributed to the development
of the European ReAnalysis v5 (ERA5) (9).
However, terrestrial reanalysis requires a
long development period due to the com-
plexity of land surface processes (such as
soil moisture infiltration and runoff gen-
eration) and extensive parameterization,
data assimilation, and validation. This
challenge is further compounded by dif-
ficulties in incorporating streamflow—the
rate at which water is carried by rivers
and streams—into weather models. Con-
sequently, resolving the balance of water
inflow and outflow entirely at the basin
level remains a challenge. Integrating hy-
drological and land surface models can
refine boundary conditions (such as soil

“...the negative
shift in soil
moisture may
be irreversible
hecause
of prolonged
drought
conditions...”

moisture) for numerical weather models to
enhance reanalysis and improve weather
predictions. However, scaling hydrologi-
cal processes from local soil properties,
such as porosity, to the scale of terrestrial
reanalysis can vary up to three orders of
magnitude. Sparse observational networks
for soil moisture and groundwater levels,
along with a general lack of subsurface wa-
ter flow measurements, further complicate
this task. As a result, developing scalable
high-resolution models for key physical,
chemical, and biological variables on land,
such as soil moisture and runoff, that are
crucial for characterizing Earth’s climate
remains a grand challenge (10, I1I). Addi-
tionally, decades of varia-
tions in terrestrial water
storage are yet to be fully
elucidated.

Seo et al. present a com-
prehensive analysis of how
global terrestrial water stor-
age has changed over the
past four decades. Three
independent datasets were
integrated to validate the
soil water depletion: terres-
trial water storage anoma-
lies from Gravity Recovery
and Climate Experiment
(GRACE), global mean sea
level from satellite altimetry, and a cen-
tury-long dataset on the movement of
Earth’s rotational axis (polar motion).
GRACE, which is a joint satellite mission
of the US National Aeronautics and Space
Administration and the German Aerospace
Center, can provide precise measurements
of Earth’s gravitational field. By tracking
gravity-field variations, the GRACE mis-
sion provides information about ground-
water depletion, ice sheet loss, and sea
level rise that could be used to estimate
changes in total water storage on Earth’s
surface. GRACE has played a key role in
validating land surface models (12, 13)
and elucidating Earth’s hydrological cycle.
However, GRACE only began collecting
gravity data in 2002. To estimate terrestrial
water storage variations before then, Seo et
al. used global mean sea level observations
and Earth’s polar motion to validate ERA5-
simulated patterns. The results show that
soil moisture depletion predicted by ERA5
aligns with global sea level rise and shifts
in Earth’s mass distribution that influences
polar motion.

The cross-validation approach of Seo et
al. provides compelling evidence of a shift
in Earth’s hydrological cycle that is likely
driven by a warming climate. Global ter-
restrial water storage has been steadily
declining, with a substantial loss of ap-
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proximately 1.6 gigatonnes in the early
21st century. Regions in East and Central
Asia, Central Africa, and North and South
America have shown substantial depletion
in soil moisture. The findings also indi-
cate that lost terrestrial water has not re-
covered to previous levels. This persistent
decline suggests that the negative shift in
soil moisture may be irreversible because
of prolonged drought conditions and re-
duced precipitation in certain regions.
Although Seo et al. provide an analysis
of global terrestrial water variations over
the past two decades, a broad range of
factors that influence precipitation and
evapotranspiration (the transfer of water
from land to atmosphere through evapo-
ration and transpiration) must also be
considered. Advanced land surface and hy-
drological models that can accurately rep-
resent these factors under the influence of
changing climate are crucial to capturing
the evolution of terrestrial water storage.
The findings of Seo et al. underscore the
urgent need to improve parameterization
of land surface models to better under-
stand complex geophysical problems (14).
Developing next-generation models that
incorporate anthropogenic influences such
as farming, large dams, and irrigation sys-
tems (3) is essential. The ongoing advance-
ments of a land surface modeling system
by the European Centre for Medium-Range
Weather Forecasts represents a promising
step forward (I5). These improvements
could reduce uncertainties and enhance
our understanding of the impacts of cli-
mate change on the global water cycle.
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New data fill long-standing
gaps in the study of policing

Data show discrimination, but analysis

must be more policy relevant

By Dean Knox! and Jonathan Mummolo?

ata limitations have long stymied

research on racial bias in policing.

To persuasively demonstrate bias,

scholars have sought to compare offi-

cer behavior toward minority versus

white civilians while holding con-
stant all other factors in the police-civilian
encounter that might provide alternative
explanations for enforcement disparities.
These comparisons in “similar circum-
stances” are also critical in litigation con-
cerning discriminatory policing, which can
often lead to court-ordered remedies (I).
Such “all-else-equal” scenarios are elusive
in many realms of social science, but two
challenges have made them particularly
difficult to find in the study of policing. On
page 1397 of this issue, Aggarwal et al. (2)
report using data from the ridesharing ser-
vice Lyft—having obtained vehicle location
on more than 200,000 drivers using high-
frequency GPS pings from their smart-
phones—to analyze speeding enforcement
by the Florida Highway Patrol (FHP) and
to show how such data offer a path for-
ward for addressing both challenges.

One challenge to establishing all-else-
equal comparisons in studies of policing is
that standard police datasets contain one-
sided officer accounts of civilian behavior,
which past work has shown do not always
accurately measure actual driver behavior.
For example, prior research (3) has shown
that in the same FHP context, officers gave
white drivers a “discount” on tickets by re-
porting lower speeds relative to the speeds
reported for minority drivers. Aggarwal et
al. use the Lyft data to construct an objec-
tive measure of speeding behavior.

The other challenge is that traditional
police-generated datasets are inherently
selective: For example, they do not contain
every police-civilian encounter in which an
officer could have cited a speeding driver
but rather only the subset in which an of-
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PA, USA. 2Department of Politics, School of Public and
International Affairs, Princeton University, Princeton, NJ,
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ficer chose to pull vehicles over and there-
fore had to fill out forms documenting
the stop. Research has shown that under
reasonable assumptions, if there is racial
bias in the initial decision to stop, then
analyses that take the resulting stop data
at face value—e.g., using them in standard
regression analyses—can substantially un-
derestimate racial bias in subsequent deci-
sions, such as whether to issue a citation
(4). Intuitively, this is because differential
selection into the data means that—even
if encounters appear to be similarly situ-
ated on observed characteristics—stops
of minority and white civilians will likely
differ on unobservable characteristics that
influenced officers’ stopping decisions. The
approach of Aggarwal et al. resolves this
challenge too, by allowing researchers to
observe all times when Lyft drivers are ac-
tive rather than only the selected sample of
those where officers chose to detain them.

Using these rich data, Aggarwal et al.
find statistically significant evidence of
discriminatory policing even among Lyft
drivers incentivized to drive safely—a sub-
group where effects are likely to be lower
than those observed in the general driving
population. How consequential is this dis-
crimination in substantive or legal terms?
The answer is more complex than it may
appear and hinges on the specifics of how
the statistical estimand—the quantity of
interest targeted by the research design
and analysis—relates to legal standards of
evidence in discrimination cases. This con-
nection is one that academic work on po-
licing, including Aggarwal et al., has rarely
considered. Nevertheless, it is critical to
ensuring that scientific research translates
into real-world impact.

On their face, the disparities demon-
strated by Aggarwal et al. appear substan-
tively small: The largest estimates of racial
discrimination translate to roughly one ad-
ditional speeding citation per 28 years of
full-time driving and roughly one additional
dollar in fines per year. But these results
cannot be correctly interpreted without con-
sidering both the circumstances in which
drivers are observed and the precise com-
parisons on which these estimates are based.
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On the former point, drivers observed in
the Lyft data reported by Aggarwal et al.
rarely speed to any notable extent. In 85.3%
of pings, drivers are not speeding at all—
meaning that FHP cannot defensibly issue
a speeding citation, let alone discriminate
in doing so. Another 11.3% of pings involve
only slight speeding violations, which are
rarely enforced. This means that aggre-
gate-level differences that initially seem
small are in fact driven by far larger differ-
ences in the most relevant 3.4% of observa-
tions where notable speeding occurred. In
seeking to address discriminatory law en-
forcement, civil rights practitioners litigat-
ing similar issues have therefore focused
on scenarios where officers might plausi-
bly exhibit the behavior of interest, rather
than reporting estimates that are diluted
by the 96.6% of scenarios where discrimi-
natory enforcement is almost mechani-
cally precluded (5). For example, a recent
US Department of Justice (DOJ) investiga-
tion of the Phoenix Police Department in
Arizona estimated racial bias in ticketing
“Among drivers who speed..” and “Among
drivers who engage in low-level moving
violations..” [(6), p. 60]. Focusing on these
potentially enforceable cases requires a
different statistical estimand.

The latter point is a more subtle one that
touches on the relationship between statis-
tical analysis and discrimination case law,
which focuses not on differences between
the treatment of two groups in general
but rather on demonstrating harm to one
protected group specifically. For example,
a DOJ legal manual on the topic states,
“To prove...systemic discrimination...A
plaintiff in a pattern or practice case can...
[present] statistical evidence of similarly

SCIENCE science.org

Aggarwal et al. report racial discrimination in policing using vehicle location data on more than 200,000 drivers.

situated individuals not in the protected
class who were treated better than those in
the protected class” [(7), p. 22]. The focus
is on realized harm to actual minority driv-
ers, in the sense that (according to a sta-
tistical analysis) they were treated worse
than a hypothetical group of white driv-
ers encountered in circumstances similar
to those of the actual minority drivers. In
statistical terms, this is known as an aver-
age treatment effect on the treated (ATT),
where minority status may be regarded as
the “treatment” in the parlance of causal
inference. By contrast, the overall aver-
age treatment effect (ATE) that Aggarwal
et al. appear to target also incorporates an
additional comparison that does not in-
volve realized harm to minority drivers—
whether actual white drivers were treated
better than hypothetical minority drivers
encountered in circumstances similar to
those of actual white drivers. Both ATT and
ATE can be estimated using the same data,
though the less-relevant ATE can often be
estimated with more statistical precision
because it relies more heavily on data for
white drivers, who are far more numerous.
Notably, the ATT and ATE can diverge sub-
stantially because, as Aggarwal et al. show,
minority drivers tend to be younger and
drive vehicles with different characteristics,
they likely drive in different geographic ar-
eas, and these differing circumstances are
among the most important factors influenc-
ing police citation decisions.

Moving from academic research to prac-
tical applications has other implications
for statistical analysis. For one, it requires
researchers to recognize that the quantity
examined in any particular study—in the
case of Aggarwal et al., relating to officers

discriminatorily citing minority versus
white drivers in comparable locations and
times—tells only part of the broader story
about how discrimination may manifest in
law enforcement. For example, it may be
just as important to study bias in how of-
ficers are assigned to work those locations
and times in the first place—estimands that
may reveal patterns of, for example, overde-
ployment in minority neighborhoods caus-
ing disparate impact.

To be clear, academic research on discrim-
inatory policing need not always tailor its
statistical analyses for policy settings. And
Aggarwal et al. have provided a template
for using recent technological advances to
overcome some of the most challenging ob-
stacles impeding policing research. But to
maximize impact on pressing social prob-
lems, this study—like decades of research
before it (8)—could benefit from greater
clarity about the specific estimand being
targeted and a precise explanation of why
it is the most relevant quantity of interest.
This clarification is imperative if academ-
ics wish to aggregate knowledge across in-
dependent studies being conducted on the
roughly 18,000 police agencies in the US.
To conduct meaningful meta-analyses and
comparisons, scholars will need to agree on,
and precisely specify, the statistical quanti-
ties that they seek to measure.
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Mapping a complex evolutionary history

Tracking the geographic origins of genetic ancestors reveals past human migrations

By Simon Gravel

uman genomes contain rich infor-
mation about the past; even a single
sequenced genome can be used to
summarize patterns of human re-
latedness going back hundreds of
thousands of years (). The genomes
of hundreds of thousands of individuals are
now sequenced every year, providing the po-
tential for ever-increasing resolution in our
understanding of human history. However,
the interpretation of these rich data in terms
of evolutionary hypotheses is challenging.

port new and more detailed claims about hu-
man migrations. More recent analyses take
advantage of improved data quality (4), of ad-
ditional datasets, and of new analytical tools.
They also build on previous work to propose
and test ever more detailed models of popu-
lation dynamics that often feature a network
of ancestral populations (5, 6).
Unfortunately, building such detailed
models is challenging (7, 8). Most model-
based analyses of population genetic data
rely on simple parametric assumptions—for
example, the idea that humans chose their
partners uniformly at random within a few

Increasingly complex demographic models

Shared genetic material among humans can be traced to shared ancestors, who sometimes lived many
thousands of years ago. To understand when and where these common ancestors lived, and therefore how
human genetic diversity came to be, geneticists often rely on increasingly complex assumptions about mating
behavior within one or a few stable populations (parameter-based models). Instead, the GAIA method infers
the time and geographic position of each shared ancestor, with few a priori assumptions about mating
behavior, allowing for a rich description of how past migrations shaped present-day genomes.

Parameter-based models
Modern day human

-+~ Inferred migrations

GAIA method

On page 1391 of this issue, Grundler et al. (2)
introduce GAIA, a statistical approach that
seeks to learn the geographic position of ev-
ery genetic ancestor of individuals included
in a genome dataset. This approach can help
to identify the complex relationships between
ancestral populations that shaped the genetic
diversity of humans today.

More than 10 years ago, the 1000 Genomes
Project (3) sequenced the genomes of around
2500 individuals from 26 populations world-
wide and made them freely available. Despite
years of analysis, these data continue to sup-
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regional subpopulations that persisted over
thousands of generations. Such assumptions
are never satisfied in real populations: Hu-
mans choose partners on the basis of a range
of characteristics, which include complex so-
cial and geographic factors. They also do not
form well-defined populations that are stable
over such long times (8). Realistic models
therefore require a large number of param-
eters to describe mating preferences, popu-
lation size changes, and migrations. Small
differences in how models are specified can
have a large impact on parameter estimation
and subsequent interpretation (7, 8).

As a result, building more complex mod-
els does not guarantee better understand-

ing. This is especially true if these models
still miss important events in human history,
such as large-scale migrations or long-lasting
isolation between ancestral populations.
Most model-building efforts rely on some
form of descriptive and exploratory analy-
ses, such as dimension reduction (9, 10) or
admixture component analysis (17), to look
for unexpected relatedness patterns among
humans. Such patterns can help to identify
problems with models, but they are mostly
informative about the past few generations.
Therefore, it is hard to assess whether even
the most detailed models that have been pro-
posed lack important features of more dis-
tant human history. There is a clear need for
exploratory approaches that can help reveal
such features.

GAIA provides an important step in this
direction. It builds on recent progress in the
statistical reconstruction of the ancestral
recombination graph (ARG). The ARG is a
mathematical description of all the genetic
relationships between individuals in a sam-
ple. Most model-based and descriptive analy-
ses of genetic variation can be interpreted as
summaries of the genetic relatedness that
is encoded in this complex mathematical
object. Learning the ARG from genetic data
has therefore been a long-standing goal, and
recent algorithmic progress has made it pos-
sible to perform reconstructions across the
entire genome and for hundreds of thou-
sands of individuals (72, 13). Although these
reconstructions are imperfect, they have al-
ready been used to answer a range of medical
and evolutionary questions (12).

Although inferred ARGs contain a vast
relationship network for human ancestors,
they do not provide direct information on the
evolutionary forces that shaped this network.
Different methods have been developed to
extract such demographic information from
ARGs (I12). Rather than using a parameter-
ized model involving a few randomly mat-
ing populations, GAIA infers the geographic
position of each genetic ancestor in the ARG
(see the figure). Demographic factors such
as migration rates can be retrieved from the
distances between pairs of related ancestors,
with relatively few a priori assumptions.
And because ARGs provide estimates of the
time at which each ancestor lived, GAIA
can be used to create detailed time-resolved
migration maps. Such maps can help reveal
major and unexpected demographic trends
that may have been missed by parameter-
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ized models. When applied to human genetic
data, GAIA did recapitulate expected broad
trends, including human origins in Africa.

GAIA improves on a previous method that
sought to estimate the geographic location
of each common ancestor as the (weighted)
average location of its descendants (74). In-
stead, GAIA positions ancestors in a way
that jointly minimizes the (approximate)
migration distances traveled by all human
ancestors. This joint minimization uses
more information than previous efforts and
efficiently optimizes a more demographi-
cally realistic migration model. Further, the
computational techniques developed to infer
the location of ancestors are generalizable to
other demographic attributes (74), opening
the door for more detailed characterization
of the relationships among ancestors of mod-
ern-day humans.

There are also limitations to the approach.
To learn the position of ancestors, GAIA uses
a parsimony assumption: The selected posi-
tions minimize historical migrations. Such as-
sumptions will likely lead to underestimates
of human migrations and struggle to account
for large-scale migration events. Further, al-
though it produces arresting images, GAIA
does not allow for hypothesis testing. There
is a long history of over-interpreting nice-
looking visualizations of genetic data (I15).
The intuitive, detailed, and visually compel-
ling nature of the migration maps produced
by GAIA makes such over-interpretation
particularly tempting. Even if the method is
viewed as purely exploratory, it will be hard,
if not impossible, to find independent data to
test hypotheses that it generates.

With these caveats in mind, the direct in-
ference of demographic parameters within
ARGs provides a noteworthy alternative path
to investigate human evolution that comple-
ments approaches based on simple models
and descriptive statistics. It has the potential
to identify critical gaps in models of human
diversity. And given the rapid progress in
algorithms for ARG inference and analysis,
there is great potential for further improve-
ments of the approach.
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Beyond hedonic eating

A dopaminergic brain circuit drives food consumption in mice

By Dana M. Small23

he capacity to store energy as fat
enables animals to ensure energy
reserves for the future. In this con-
text, eating beyond satiety (fullness)
is a beneficial, adaptive behavior.
However, in many human popula-
tions, this adaptive behavior is made mal-
adaptive by readily available, energy-dense
sources of food, resulting in high rates of
obesity. One such behavior, called invigora-
tion, causes an increase in speed, duration,
and intake of a palatable food (I). The neu-
ral mechanisms underlying this behavior
are not yet clear. On page 1376 of this issue,
Zhu et al. (2) report a brain
circuit that drives feeding
invigoration in mice. This
circuit begins with neurons
in the area around the locus
coeruleus (periLC) and re-
sults in dopamine release in
the nucleus accumbens. The
finding provides a neural
target, the therapeutic mod-
ulation of which might en-
able changes to food intake
by preventing invigoration.
Midbrain dopamine neu-
rons such as those in the
ventral tegmental area
(VTA) play a critical role in adaptive feed-
ing behaviors. They respond to environ-
mental cues (such as the sight of ripe fruit
on a branch) that signal food availability
(3) and are also activated during food con-
sumption (4) and when nutrients are de-
tected in the gut (5). Subsets of midbrain
dopaminergic neurons express receptors
for peripheral signals that convey infor-
mation about physiological states. For
example, the hormone ghrelin enhances
appetite and learning (6) by increasing
dopamine release by these neurons. VTA-
induced dopamine release can also in-
vigorate ongoing appetitive behavior such
as licking (Z) and enhance the salience of
external food cues so that they are bet-
ter at capturing attention and motivating
changes in behavior (7).
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“...the value of
specific foods
and drinks
can be learned and
updated based
on the resulting
physiological
effects...”

The integration of these dopamine signals
across time and across functionally heteroge-
neous neural circuits (8) enables organisms
to learn to associate the nutritional benefits
of foods and drinks with antecedent actions
(e.g., reaching, chewing) and sensory experi-
ences (e.g., sight, sound, taste). As a result,
the value of specific foods and drinks can be
learned and updated based on the resulting
physiological effects, and their selection can
be tailored to current needs. For example,
an animal can readily learn that the color
red predicts sweetness, which in turn pre-
dicts the availability of energy. Then, when
confronted with a strawberry bush on a dis-
tant shore, a river crossing may be risked if
the animal is hungry and if
those berries are red, but not
if they are green—and as long
as there are no predators. It
is an incredibly elegant and
important system. However,
in humans, when confronted
with inexpensive, ubiquitous,
energy-dense foods, this adap-
tive behavior, orchestrated in
part by dopamine signaling,
leads to overeating. Under-
standing the intricacies of
these circuit dynamics and
the characteristics of the cells
involved is therefore impor-
tant for the development of improved thera-
pies for obesity.

The neural circuits that associate food
cues with reward are very well described in
humans and in mice. For example, when a
mouse sees a food pellet, neurons originat-
ing in the lateral hypothalamus inhibit the
activity of y-aminobutyric acid (GABA)-
producing VTA neurons. This releases the
inhibition of dopaminergic VTA neurons
that project to the nucleus accumbens (a
brain region involved in processing of mo-
tivation and reward) (9). This results in do-
pamine release in the nucleus accumbens.
Inhibition of this pathway reduces feeding,
including compulsive food seeking; how-
ever, it leaves intact the ability of hunger to
drive eating, highlighting the segregation
of these two functions at the level of brain
circuitry (Z0). Similar studies have dis-
sected the systems that drive dopamine re-
lease in mice during the digestion of food
(5). However, less is understood about the
control of dopamine release and its func-
tion while food consumption is ongoing.
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Zhu et al. used cell-specific circuit map-
ping and optogenetics in mice to address
this gap in knowledge. In a prior study (11),
they had identified a group of neurons in
the periLC that control consumption of
palatable food. In contrast to most locus
coeruleus neurons, which are noradrener-
gic, this group was glutamatergic, and their
inhibition produced a rewarding effect and
increased food intake. In the present study,
Zhu et al. report that these periL.C neurons
drive dopamine release in the nucleus ac-
cumbens, much like lateral hypothalamic
neurons. However, they do so during food
consumption, instead of in response to
food cues. Similar to the circuit originat-
ing in the lateral hypothalamus, the initial
synapse of these periLC neurons is with
GABA-producing inhibitory neurons in
the VTA, which in turn disinhibit dopa-
minergic VTA neurons. Thus, lateral hypo-
thalamic neurons drive food seeking and
periLC neurons drive food consumption,
both through regulation of dopaminergic
VTA neurons.

Notably, the dopaminergic VTA neurons
targeted by the peril.C increased their ac-
tivity immediately before the mice licked
the food, with firing maintained through-
out food consumption. This characteristic
is consistent with behavioral invigoration
(I). Zhu et al. also describe stronger re-
sponses of dopaminergic VTA neurons to
more energy-dense and palatable foods.
They wused lick-triggered photostimula-
tion of these VTA neurons to boost do-
pamine responses during consumption
of less energy-dense and palatable foods.
This manipulation resulted in an increase
in licking rate and duration to match that
usually observed in response to more en-
ergy-dense and palatable food. By contrast,
photostimulation that was not contingent
upon licking had no effect on licking be-
havior. This demonstrates a causal rela-
tionship between activation of the targeted
circuit and invigoration of consumption
based on the value of the food.

Zhu et al. describe the periLC-VTA circuit
as regulating hedonic eating. The word he-
donic, is defined as “of or relating to plea-
sure” by the Oxford English Dictionary.
Notably, pleasure or “liking” is not synony-
mous with value and can be decoupled from
other aspects of motivated behavior such as
wanting, craving, habitual responses, and
invigoration (10). As acknowledged by the
authors, it is difficult to measure pleasure
in mice. Instead, they defined hedonic eat-
ing on the basis of licking bout duration.
However, this definition is circular because
palatability drives intake, and intake is used
to define palatability. Therefore, although
lick rate, bout duration, and VTA dopa-
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minergic activity were greater when more
energy-dense food was offered, this does
not demonstrate that mice experience the
more palatable food as more pleasurable or
that photostimulation of VTA dopaminergic
neurons enhances pleasure. Consequently,
the periLC-VTA circuit may control invigo-
ration and have little to do with pleasure.
This is consistent with decades of work in
humans and rodents that failed to link do-
pamine with pleasure (4).

This disconnect between invigoration
and pleasure is also consistent with emerg-
ing views on the behaviors that drive
overeating in humans. Consumption of
energy-dense foods, such as ultraprocessed
foods, is linked to obesity. However, in
humans, these foods can drive intake and
valuation independently of experienced
pleasure (12), with eating rate emerging as
the most important factor in determining
their overconsumption (73). Furthermore,
treatment with glucagon-like peptide 1
receptor (GLP1R) agonists such as sema-
glutide does not alter the pleasure derived
from consuming food (14, 15), despite the
widespread success of these drugs in in-
ducing weight loss.

Notably, in many people, the efficacy of
treatment with GLPIR agonists wanes over
time. It is not yet clear what accounts for
this variable response. Zhu et al. report that
treating mice with semaglutide initially
reduces the firing of VTA dopamine neu-
rons but that the effect disappears within
days. This raises the possibility that inter-
individual differences in the adaptation of
this circuit to the drug may account for dif-
ferences in treatment efficacy in humans.
Future work that aims to minimize such
adaptation could offer a promising avenue
for the development of adjunct therapies to
broaden the group of individuals for whom
GLPIR agonist treatment is effective.
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QUANTUM OPTICS

Lined up for
entanglement

A framework widely
used in classical
contexts provides new
insights into solving

an important challenge
in quantum technology

By Evgeny Moiseev and Kai Wang

ingers in a choir are separated by dis-
tances, but their voices are perfectly
synchronized to make a harmony.
Similarly, particles in a quantum
system are entangled to share some
correlated feature even if they are far
away. This phenomenon, called quantum
entanglement (I), is important for quantum
information processing but highly sensitive
to decoherence (loss of quantum proper-
ties) (2). Exposure to uncontrolled environ-
ments, such as thermal fluctuations, causes
entangled particles to pick up random
noises, which leads to a so-called mixed
state. Fortunately, there are ways to “filter”
a mixed state back into a pure entangled
state by engineering a quantum bath (or
reservoir)—a controlled environment to
which the system is coupled (3, 4). On page
1424 of this issue, Selim et al. (5) report a
new way to filter entangled photons by ex-
ploiting a fundamental physics concept that
is extensively applied in classical context,
called non-Hermitian symmetries. This
could offer a new way of solving a key chal-
lenge in quantum technology.
Non-Hermitian Hamiltonian (a math-
ematical operator describing the energy of
a system) characterizes a class of open sys-
tems in which the interaction with external
environments can be seen as amplifications
(gains) or decays (losses) of energy. The field
of non-Hermitian physics is well known
for using these energy gains or losses to
showcase exotic properties and effects of
systems, such as single-mode lasing and
enhanced sensing (6). Many of these prop-
erties primarily originate from underlying
mathematical symmetries, such as parity-
time symmetry, in which gain and loss are
balanced (7, 8). Although most applications
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in non-Hermitian physics have been in clas-
sical systems, such as wave optics, there are
emerging efforts to use non-Hermitian sym-
metries to control quantum states.

Selim et al. engineered a quantum state
filter to control photons by leveraging a
type of non-Hermitian symmetry called
anti-parity-time symmetry. To understand
this approach, imagine an opposite scenario
in which photons pass through a Hermitian
system, specifically a pair of coupled optical
waveguides (a pipelike structure for light to
propagate inside) known as a directional
coupler. This two-waveguide configuration
exhibits two orthogonal eigenmodes (sta-
tionary modes with a specific spatial pro-
file, symmetric or antisymmetric depending
on whether the amplitudes of photons in
the two waveguides are in phase or out of
phase, respectively). Hence, light propagates
through the waveguides at their respective
speeds without a decay in energy and pre-
serve their original modal symmetries. By
contrast, the non-Hermitian system used by
Selim et al. passes only the antisymmetric
spatial mode (see the figure). At the same
time, the symmetric spatial mode decays
exponentially. When photons propagate in
the system for a sufficiently long distance,
only photons with an antisymmetric spatial
profile survive, whereas others are filtered
out. Thus, if the incoming photons are in
a mixed state of the two orthogonal modes
(symmetric and antisymmetric), the photon
state at the output becomes a pure, entan-
gled state again.

Selim et al. applied a special non-Her-
mitian system exhibiting anti-parity-time
symmetry in which each waveguide in the
system experiences a photon loss at the
same rate. Additionally, the loss in one wave-
guide is linked to light traveling in the other
waveguide through dissipative coupling—
the amplitude of light in one waveguide
controls the rate of light decay in the other
waveguide. This configuration with photon
losses including the dissipative coupling
is the key to achieving the desired filter-
ing effect. However, it is difficult to achieve
this design because it requires that the two
waveguides interact with a shared, tailored
quantum bath in the same manner. One pos-
sible solution is to link each waveguide to a
sufficiently large number of other isolated
waveguides. This creates a bath analogous
to a continuous-energy environment, giv-
ing rise to the desired dissipative coupling
(5). However, coupling each waveguide to all
these waveguides remains impractical.

Selim et al. solved this problem by using
the Lanczos transformation—an iterative
algorithm that converts a complex matrix
into a tridiagonal form (9). This method
can turn a highly complicated, multidimen-
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sional coupled lattice of waveguides into a
one-dimensional lattice in which only the
nearest neighbors interact while keeping
the dynamics of a selected waveguide (10).
Selim et al. produced a quasi-infinite one-
dimensional array of coupled waveguides to
act as the quantum bath. The array of 52
waveguides worked together as a reservoir
that collects light at a rate proportional to

entangled state with a superposition of N
photons in a single mode. NOON states are
of particular interest in quantum sensing
and metrology (12) because of a phase er-
ror that scales inversely proportional to N.
Whether an anti-parity-time symmetric
system can help create or filter a wide range
of other entangled states, such as the en-
tangled coherent state (13), is also of inter-

Filtering entangled photons through fundamental symmetries

A controlled environment, called a quantum bath, is engineered to filter unwanted noises from the incident
light and deliver purely entangled photons at the outlet. A quasi-infinite one-dimensional (1D) array of
inhomogeneously coupled waveguides facilitates this filtering process and realizes an anti—parity-time
symmetric system. Only photons in a desired spatial profile (antisymmetric) propagate through the

waveguides, whereas the rest decays exponentially.

\

\/ Filtered photons |

Dissipative
coupling

Photon loss

) N

-\ /' \ profile

Antisymmetric
spatial profile

Anti-parity-time symmetry

Two waveguides, which have the identical rate of photon loss, are

linked by dissipative coupling in which the amplitude of light in
one waveguide controls the rate of light decay in another. This

anti-parity-time symmetric system only transmits photons with

an antisymmetric spatial profile.

the sum of amplitudes of light in both wave-
guides. The quantum bath of Selim et al.
filtered arbitrary one- and two-photon en-
tangled states with excellent performance.
In each case, the only antisymmetric spatial
mode was transmitted through a coupled-
waveguide system unaffected, while the
noise was dumped into the one-dimensional
array of waveguides acting as the quantum
bath. This concept was demonstrated in
an on-chip photonic system composed of
multiple waveguides. This on-chip entan-
glement filter creates highly controllable
photon dissipations by selecting a system’s
output without relying on intrinsic losses
from engineered material absorptions.
Although Selim et al. have demonstrated
a filter for inputs containing up to two pho-
tons, the method could be expanded for an
arbitrary number of photons. A large-scale
quantum bath is particularly intriguing for
generating a NOON state (11), a many-body

Incident photons
Symmetric spatial

s—Quantum
| bath

s— Nearest-neighbor

l \ coupling

_

Quantum bath engineering

Acomplex lattice of waveguides acting as a
quantum bath is converted into a simple 1D array by
using the Lanczos transformation. The engineered
quantum bath is a key component for the on-chip
photonic system for filtering entanglement.

est. Beyond photons, the approach of Selim
et al. could potentially be used for different
particles on various quantum platforms,
such as cold atoms with real-time filtering
of noises to maintain atoms in pure, en-
tangled states.
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Guiding science in China

Increasing emphasis on national priorities
creates tension with curiosity-driven research

By Andrew Kennedy

hina’s emergence as a science power

is extraordinary. China now pub-

lishes more scientific papers than

any other country, and the impact

of this research (although trickier to

measure) is impressive (I). Despite
China’s remarkable progress, its policy-
makers continue to grapple with a basic
question that all countries face: how to bal-
ance between promoting research focused
on national priorities and that driven by
academic curiosity. This article begins by
explaining how Chinese policy-makers
have recently stepped up efforts to guide
science in keeping with national priorities,
including economic, environmental, and
national security concerns. It then notes
an important countercurrent, particularly
the growing interest in “original innova-
tion” and the appreciation that curiosity-
driven research has a role to play in this
regard. It concludes by noting that China
is part of a broader international shift to
leverage science for national purposes, and
by highlighting the risks this trend entails.

GUIDING CHINESE SCIENCE

China’s government has a long tradition of
supporting scientific research aimed at na-
tional priorities. In the 1950s, the country’s
first science and technology (S&T) plan
was dominated by more than 50 practical
tasks related to economic development and
national defense. Particular attention was
given to research on atomic energy and mis-
sile technology, which supported the coun-
try’s nascent nuclear weapons program. By
contrast, communist ideology and central
planning meant that support for scientific
curiosity was very limited (2).

Support for scientific curiosity became
more apparent starting in the 1980s, fol-
lowing landmark reforms that liberal-
ized China’s S&T system. The creation of
the National Natural Science Foundation
of China (NSFC) in 1986 was particularly
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noteworthy in this regard. Some NSFC pro-
grams began supporting projects driven by
the interests of scientists, giving curiosity-
driven research a space in which to grow.
The foundation’s largest funding stream—
which came to be called the “General Pro-
gram”—was one of these. As of 2012, the
General Program accounted for roughly
half of all NSFC research spending.

The past decade has seen Chinese lead-
ers refocus their attention on leveraging
research for national priorities, especially
as the Sino-American “tech war” has deep-
ened and China has increased its efforts
to become more self-reliant. This trend

“The past decade has seen
Chinese leaders refocus their
attention on leveraging research

for national priorities...”

is apparent even as the Chinese govern-
ment has strengthened support for basic
research: The latest 5-year plan aims to
raise national spending on basic research
to 8% of the country’s research and devel-
opment expenditure by 2025, up from 6%
in 2020. There is no contradiction here:
Chinese leaders believe that research on
basic scientific questions may be driven by
academic curiosity or by practical goals,
and they are urging China’s scientists to
combine the two—a mentality that reso-
nates with the concept of “Pasteur’s quad-
rant” in the West (3). In 2018, China’s State
Council issued opinions on basic research
that called for “organically combining free
exploration and goal-oriented” science. In
September 2020, President Xi Jinping per-
sonally underscored the point, exhorting
China’s scientists to “integrate your own
scientific pursuits into the great cause of
building a modern socialist country.”

More concrete efforts to guide scientific
research have taken shape on multiple
fronts. In 2018, the NSFC was placed un-
der the supervision of the Ministry of Sci-
ence and Technology (MOST), though it

maintained independent operations and
a separate budget (4). Three months later,
newly appointed MOST Minister Wang
Zhigang addressed NSFC leaders and high-
lighted several priorities for reform. These
included “improving the project topic se-
lection mechanism to more prominently re-
flect the national will and strategic needs,’
as the S&T Daily’s summary put it (5).

Changes in NSFC funding patterns have
become apparent since then. Between
2016 and 2023, total spending on the Gen-
eral Program fell from 45 to 35% of NSFC
research funding (see figure). In abso-
lute terms, in fact, total spending on the
General Program was lower in 2023 than
it was in 2018. By contrast, the share of
funding for application-oriented projects
conducted jointly with other organiza-
tions has grown. These projects allow the
NSFC to work with central government
departments, enterprises, and localities,
transforming their needs into scientific
problems. New collaborative initiatives in-
clude a regional innovation and develop-
ment fund (which works with subnational
governments) and an enterprise innova-
tion and development fund. The NSFC has
also established joint funds with China
National Nuclear Corporation, the China
Academy of Engineering Physics, and the
aviation industry, among other partners.
Overall, funding for joint projects nearly
tripled between 2016 and 2023, rising from
5 to 10% of all NSFC funding (see supple-
mentary materials).

The Ministry of Education (MOE) has
supported the effort to guide scientific re-
search as well. Since 2019, for example, the
Ministry has created at least 30 “integrated
research platforms” (IRPs) to focus work
on national strategic needs at Chinese uni-
versities. Specific topics range from carbon
neutrality to artificial intelligence (AI) to
medical devices. Sichuan University’s Car-
bon Resource Neutrality IRP, for example,
focuses on converting waste carbon prod-
ucts such as biomass and carbon dioxide
into green materials, fuels, and chemicals.
Starting in 2022, the MOE began pro-
mulgating the term “organized scientific
research” to describe its efforts to align
university research with the government’s
high-tech priorities (6).

More broadly, the central and subna-
tional governments in China have en-
couraged the formation of “innovation
consortia” in recent years, and these pro-
mote collaboration between academic and
nonacademic entities on a range of tech-
nological priorities. Membership in these
consortia can include firms, universities,
research institutes, and national laborato-
ries, and the members are typically linked
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by contractual arrangements that specify
goals and rewards. The 3C Intelligent
Manufacturing Innovation Consortium, for
example, was established in 2022 by the
firm Xiaomi and more than 40 other orga-
nizations, including Tsinghua University.
The number of these consortia appears to
be growing rapidly, as subnational targets
have proliferated in recent years. The city
of Xiamen seeks to create 10 consortia by
2025, Beijing is aiming for 20, and Zheji-
ang province hopes to create 50. There are
probably hundreds of innovation consortia
active in China already (7).

China’s leadership has also unveiled a
new governance structure to preside over
these initiatives. In March 2023, China an-
nounced the establishment of the Central
S&T Commission (CSTC). This new high-
level commission is a party
body, and it is chaired by
Ding Xuexiang, a member
of the elite politburo stand-
ing committee and a close
ally of President Xi Jinping.
The commission also ap-
pears to include minister-
level officials from a variety
of different S&T-related bod-
ies within the Chinese
government.

Although information
about the CSTC is limited, it
is clearly politically power-
ful and enjoys wide-ranging
authority. It appears to play
a major role in S&T spending
decisions, and its provincial-
level versions have sought
to promote work on top-
priority technologies and to
coordinate efforts underway
at national laboratories, state
enterprises, and universities
(8). The new commission
has also approved new S&T
megaprojects, including one focused on
deep earth exploration and mining. The
CSTC is supported by a General Office
based in MOST, which manages such daily
responsibilities as reviewing and approv-
ing government-supported S&T labs and
collecting reports from other ministries.
Overall, the governance reforms should
provide Chinese leaders with greater ca-
pacity to guide the country’s increasingly
voluminous scientific research going for-
ward (9).
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A COUNTERCURRENT

Even as China’s leaders are encouraging
research on national priorities, they also ap-
preciate that curiosity-driven research has a
role to play. In 2016, the government’s “Inno-
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2016

vation-Driven Development Strategy” high-
lighted the need for China to pursue “original
innovation,” rather than simply following in
the footsteps of others. Toward this end, the
document touted the need for both research
aimed at national strategic needs and that
driven by the interests of scientists. Or as Xi
Jinping has put it more recently, China must
“walk on two legs” by striking some kind of
balance between goal-oriented and curiosity-
driven research.

Support for curiosity-driven research has
been evident on multiple fronts. In 2020,
MOST and four other government agencies
released an authoritative “work plan” to gen-
erate more “original results” from China’s sci-
entists engaged in basic research. The plan
notably called for “encouraging free explora-
tion and giving scientific researchers more

A shrinking profile for the General Program
Between 2016 and 2023, total spending on the General Program (GP), the largest

funding stream of the National Natural Science Foundation of China (NSFC), fell from
45 to 35% of NSFC research funding.

2017 2018 2019 2020 2021
academic autonomy” It also called for “ex-
panding the autonomy” of universities and
research institutes in disciplinary focus and
research topic selection (10).

This orientation has been apparent in
the government’s support for elite young
scientists, who are seen by Chinese leaders
as particularly likely to produce important
breakthroughs. The 2020 work plan not
only called for “seizing the peak of young
and middle-aged people to achieve original
breakthroughs” but also “encouraging young
scientists to choose their own topics.” Accord-
ingly, the NSFC has intensified its support for
younger scientists in recent years. Overall,
between 2016 and 2023, NSFC programs
focused on young scientists increased their
share of foundation disbursements from 19

2022 2023

to 26%, while spending on these programs
nearly doubled in absolute terms (see sup-
plementary materials). Like the General Pro-
gram, these programs fund projects chosen
by the researcher, creating opportunities for
curiosity-driven research.

Support for scientific curiosity is also evi-
dent in an initiative—the “Original Explora-
tion Plan”—launched by the NSFC in 2019 to
promote important new breakthroughs. The
plan includes two funding streams. One of
these, the “expert recommendation” stream,
accepts applications without regard to aca-
demic field or research direction, as long as
the application is supported by two senior
experts or two foundation officials. Between
2020 and 2022, the foundation funded 142
projects through this stream (I1).

The Original Exploration Plan’s second
funding stream—the “guid-
ance” stream—is more tar-
geted. For this stream, the
foundation publishes guide-
lines that specify particular
fields and directions and wel-
comes applications in those
areas. The foundation states
that the guidelines reflect sug-
gestions from scientists, dis-
cussions in academic forums,
and expert demonstrations.
Although more focused, there-
fore, this stream is guided by
the scientific community, and
it offers opportunities for
curiosity-driven research in
particular areas. Between
2020 and 2022, the foun-
dation funded 171 projects
through this stream (11).

Nonetheless, even as the
Chinese government seeks
to promote “original inno-
vation,” its enthusiasm for
curiosity-driven research
should not be overstated.
Although the 2020 work plan encouraged
academic autonomy, it also highlighted na-
tional priorities, and it called for “adher-
ing to a demand orientation” and “guiding
scientists to closely combine their personal
interests in scientific research activities
with national strategic needs.” Accordingly,
there are concerns that curiosity-driven re-
search is undervalued.

Such concerns have been aired openly.
Scholars at the Chinese Academy of Sci-
ences have argued that basic research in
China continues to be largely “government-
guided” and “task-oriented,” rather than led
by the initiative of individual scientists, im-
peding originality and the use of scientific
talent. In this context, they have criticized
the decline of the NSFC’s General Program
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and called for greater support for “curiosity-
driven research” (12).

A GLOBAL SHIFT, DANGERS THEREIN

Although China is a striking case, govern-
ments in many Western countries are ex-
perimenting with more active guidance of
science, technology, and innovation (STI) as
well. Faced with challenges ranging from cli-
mate change to geopolitical tensions, govern-
ments are pursuing “transformative change,”
as the Organisation for Economic Co-op-
eration and Development (OECD) has put
it, which “requires STI policies to be more
directional” Providing such direction can
include government guidance along many
different parts of the “innovation chain,”
including scientific re-
search conducted at uni-
versities, in pursuit of
transformative goals (13).

The United States
clearly moved in this di-
rection during the Biden
administration, which
embraced industrial pol-
icy as part of a broader
effort to compete with
China. This shift had important implica-
tions for science policy. In 2022, for exam-
ple, the CHIPs and Science Act established
the Directorate for Technology, Innovation,
and Partnerships (TIP) at the National Sci-
ence Foundation—the first new NSF direc-
torate in 30 years. TIP has supported both
use-inspired and translational research in
priority areas, including Al, biotechnology,
advanced communications technology, and
data storage. What the future holds in this
regard is now unclear, as President Don-
ald Trump has begun his second term with
unprecedented changes and proposals that
have rocked the US scientific community.
It is apparent that the new administration
has its own high-tech agenda, however,
with priorities including AI and quantum
computing.

However U.S. policy evolves in the years
to come, the growing interest in guiding
science toward public priorities in both
China and the West is not about to disap-
pear. This shift has the potential to gener-
ate important breakthroughs on a variety of
fronts, but it also poses serious risks. One
risk is that cross-border collaboration will
become more difficult as scientific research
becomes more intertwined with national
agendas and geopolitical tensions. Indeed,
geopolitical tensions have already had a
chilling effect on the flow of scientific ideas
and talent between the United States and
China (74). Although the renewal of the US-
China agreement governing government-to-
government scientific cooperation in late
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“...we should strive
to avoid a world
inwhich science is
an increasingly
nationalistic endeavor...”

2024 was an encouraging development in
this regard, the impact of geopolitics was
evident here as well: The pact does not sup-
port the development of critical and emerg-
ing technologies, and US agencies will vet
projects for national security risks. Looking
ahead, the impact of geopolitical tensions
could become much more pronounced in
the future, particularly if tensions between
the United States and China escalate during
the second Trump administration.

A second risk is the potential for curios-
ity-driven research to suffer further neglect.
In China, the decline of the NSFC’s General
Program is already evident, and its future
remains unclear. NSFC officials have been
impressed by the level of funding initially
authorized for the US
TIP initiative, calling
it an “inspiration,” and
proposed that their foun-
dation devote greater
resources to national
needs and develop a
wider range of programs
in this regard (15). In the
United States, although
the CHIPs and Science
Act promised to double NSF spending, Con-
gress cut the agency’s budget by 8% in 2024,
amid wider cuts to federal science agencies.
In 2025, a more profound form of neglect
has become apparent, as curiosity-driven
science (and academic research more gen-
erally) has suffered amid the layoffs, restric-
tions, and efforts to limit federal spending
imposed by the Trump administration.

The drive to guide scientific research in
pursuit of national priorities must be mind-
ful of these risks and dangerous trends.
Although scrutiny of cross-border collabo-
ration is warranted, Western countries
should be wary of isolating themselves from
China as it becomes an increasingly impor-
tant source of scientific knowledge. China
could reassure other countries, in turn, by
becoming more transparent about its plans
and policies in this domain. In addition,
governments must ensure that support for
curiosity-driven research remains robust.
Such research is critical for developing and
sustaining the broad stock of knowledge
without which many innovations—from
mRNA vaccines to quantum computers—
would not be possible. Neglecting such
research while expanding support for near-
term priorities, therefore, is short-sighted.
In the end, transformative change may re-
quire greater government guidance, both
in China and elsewhere. Even so, we should
strive to avoid a world in which science is
an increasingly nationalistic endeavor and
in which scientific curiosity is increasingly
marginalized.
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FOOD SYSTEMS

The meaning of our meals

A philosopher confronts how factors from culture
to capitalism affect the foods we eat

By Stefania Pizzirani

hy do you eat the foods you eat?

Perhaps you are trying to maintain

a healthy, nutritious diet. Or maybe

you decide your meals according

to your budget, first and foremost.

Do environmental or animal ethics

play a role in your choices? How do culture

and heritage influence your eating habits?

How do societal systems, such as

capitalism, affect the foods you

see in your local supermarket?

As I read the book How the World

Eats by Julian Baggini, I began

reflecting on these questions and
more.

Baggini—a philosopher and

journalist—applies an interdis-

plifications dotted throughout the book—for
example, in the author’s portrayal of farming
as a method of advancing oppression or in
his descriptions of the impacts of supposedly
“sustainable” intensification of agricultural
practices. (It is hard to imagine anything sus-
tainable about a farm in the UK that keeps
up to 1.4 million birds or a 26-story farm
in China processing 1.2 million pigs a year.)
And yet there were many other areas where
a philosopher’s eye brought a re-
freshing alternative and nuanced
view to the relationships that con-
nect us—not always favorably—to
our foods.

Baggini navigates the grow-
ing tension between profit and
purpose within modern food cor-
porations. Over recent decades,

ciplinary lens as he disentangles = Howthe World Eats:  high-fat, -sugar, and -salt foods

and describes the evolutionary A Global Food have overwhelmingly been mar-
e Philosophy N

complexities of our global food Julian Baggini keted toward children through

system. Indeed, the integrated
and collaborative “One Health”
approach is seen in the structural organiza-
tion of the book, which is broken down into
four categories: land, people, other animals,
and technology.

I admit that at times I wondered why a
philosopher was attempting to weigh in on
agricultural histories, legacies, triumphs,
and tragedies. Yes, there were gross oversim-
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targeted advertisements and
“pouring rights” (exclusive li-
censes) for companies to sell their sugary
drinks in school districts. “Commercial pres-
sures erode values,” Baggini states.
Understanding the ethics of our food sys-
tem—past, present, and future—is the com-
mon denominator in this book. Of particular
note are Baggini’s efforts to highlight and
pay respect to Indigenous sciences, cultures,
practices, and perspectives. Again, is there
room for improvement here? In short, yes.
Baggini cites few Indigenous authors, mini-
mizes the ongoing impacts of colonialism,

Intensified poultry farming highlights a growing
disconnect between food and its associated harms.

and brusquely dismisses certain cultural be-
liefs held by the Inuit and Maasai as being
untrue (at least in the eyes of Western sci-
ence). The point is made, however, that there
is no single correct “science” or way of study-
ing and interpreting the world around us.
Both Indigenous and Western science “can
be seen as complementary routes” that lead
us to empirical knowledge.

Indigenous cultures across the world have
gained and expanded their empirical (or ex-
periential) knowledge of food and nourish-
ment over millennia, with many teachings
emphasizing the interconnectedness—the
kinship—between all living things. The Maa-
sai, for example, “share the life of the cow” by
drinking its milk. What then, I wonder, is our
kinship to the humble chicken?

When frying an egg or roasting a chicken,
we are subsequently grateful for our full bel-
lies. But do we also acknowledge a shared
relationship with the impacts of intensified
poultry farms—for instance, that the male
chicks are Killed (literally shredded alive or
gassed) within a day of hatching because
they do not lay eggs or produce valued meat?
Time and time again, Baggini describes a
growing disconnect between eating food and
understanding the associated harms that
may be caused along the way to your plate.

It is absolutely true that not all farms
are unsustainable, not all foods are unethi-
cal, and not all agri-food companies are cor-
rupt. The diversity of farming techniques,
technologies, and traditions is too varied to
generalize. This is not a simple tale of heroes
and villains. Yet, Baggini highlights warn-
ing signs that we should not ignore: Nearly
1 in 10 fish stocks have been driven to col-
lapse, around a third of food produced is
not consumed (it is either wasted or lost),
rampant exploitation of workers exists, ex-
treme weather is creating more cracks in an
already vulnerable system, and more.

The author is mindful to assert that there
is no “one size fits all” approach to agricul-
ture and food production. Instead, we must
acknowledge power and privilege to “use ev-
ery acre of the planet in the way that most
suits it.” The food world, he argues, must be
considered as a whole system. This is a won-
derful perspective to advocate for alongside
circularity and holism. (Holism is akin to the
aforementioned interconnectedness world-
view that many Indigenous communities
hold.) Using this framework, Baggini ends
the book in a way that attempts to empower
the reader into advocating for food system
justice, now and in the future.

10.1126/science.adu6373
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EXTINCTION

An end to human exceptionalism

Our species’ extinction is inevitable, argues a paleontologist

By Adrian Woolfson

n the Aeneid, the poet Virgil portrayed
the rise of the Roman Empire as the
preordained culmination of history’s
momentum. Yet, as the 18th-century his-
torian Edward Gibbon chronicled in The

History of the Decline and Fall of the Ro-
man Empire, the seeds of Rome’s annihilation
were sown long before its decline. Factors
such as hubris, moral decay, overexpansion,
corruption, and political instability ensured
that, even at the height of its power, the em-
pire was headed toward self-destruction.

Like ancient Rome, the history of life on
Earth has been shaped by its own trium-
phant, yet catastrophic, Darwinian narrative.
Today, more than 99% of species that have
ever existed are now extinct (Z). And despite
our belief in human exceptionalism, Homo
sapiens seems no more immune to the pat-
terns of history than other species.

In his bold and insightful The Decline and
Fall of the Human Empire, paleontologist
Henry Gee presents a sobering vision of hu-
mankind’s future, as intriguing as it is unset-
tling. Despite our technological prowess and
capacity for imagination, he argues, Homo
sapiens is “marked for extinction.”

The rot, he suggests, set in when we hunted
down and extinguished Neanderthals, Den-
isovans, and the diminutive “hobbit men”
Homo floresiensis and Homo luzonensis. Sud-
denly, we had no competition, something as
necessary for success as the “irritating grit in
an oyster” that creates a pearl.

This was compounded by the invention of
agriculture around 12,000 years ago and the
selective breeding of high-yielding crops dur-
ing the Green Revolution of the 1980s. The
former transformed a dispersed species of
hunter-gatherers—perpetually teetering on
“the edge of oblivion"—into a global popula-
tion of billions. The latter allowed humanity
to defy biologist Paul Ehrlich’s apocalyptic
predictions that the unchecked increase in
global population would outstrip Earth’s re-
sources, resulting in widespread famine (2).

But, Gee argues, progress cannot be indef-
initely sustained. While postponing disaster,
the Green Revolution and other efforts, such
as using genetic engineering to rewrite crop
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genomes, are unlikely to avert it. We face an
impending food security crisis.

Other potential threats to human exis-
tence range from nuclear and biological
warfare, greenhouse gas-induced climate
change, and artificial general intelligence
(AGI) to pandemics, volcanic eruptions, and
asteroid impacts. But the most immediate
threat is the loss of global habitats. Even
moderate loss may lead to an “extinction
debt,” causing the eventual “extinction of the
dominant competitor in remnant patches”
(8). Unfortunately, the “dominant competi-
tor” in this scenario is humankind.

The astonishing creativity of humans re-
lies on their vast populations. As Gee notes,
“it takes a civilization of billions to create an

The Decline and Fall of

the Human Empire:

Why Our Species Is

on the Edge of Extinction
Henry Gee

St.Martin's Press, 2025. 288 pp.

near-term issues appear at odds with its fea-
sibility. The eventual attainment of AGI, for
example, would likely reduce the need for
flesh-and-blood Einsteins, allowing innova-
tion in more-modest human populations.
And while Gee advocates diverting resources
to space travel and artificial ecosystems,
many might argue that they would be better
deployed on conservation and engineering
biology to generate sustainable systems.
Moreover, fostering the evolution of new
posthuman species would not inevitably fa-
vor Homo sapiens. And, were we to acquire
the ability to send humans to distant planets,
it is unlikely that the colonies would be dis-
connected, as required for speciation. More
optimistically, the impending reduction in

Human development threatens critical habitats and may eventually undermine our own existence.

Einstein” Yet, following an uninterrupted
period of expansion, humankind now faces
the prospect of transitioning to a phase of
population decline. A significant milestone
occurred in 2022, when, for the first time,
more people died in China than were born.
A similar trend is occurring in countries such
as Japan, Thailand, Italy, and Spain.

The solution to this impending population
calamity, Gee argues, is for humankind to ex-
pand its domain through the colonization
of, and evolutionary diversification on, the
Moon, Mars, and other planetary bodies. In
so doing, Gee believes humans can rekindle
the migratory wanderlust of their ancestors,
using their intellectual agility to devise solu-
tions for survival in hostile environments.

Although this vision is inspiring, some

the global population may help attain the au-
dacious rewilding goals espoused by the late
biologist E. O. Wilson (4).

Edward Gibbon believed that the princi-
pal cause of the Roman Empire’s fall was the
cultural shift invoked by Christianity. Per-
haps an ideological shift will precipitate hu-
manity’s decline. Whatever the cause of our
eventual demise, Gee’s pessimistic predic-
tions about our fate offer much to consider.
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Romanian brown bear
management regresses

In 2016, Romania passed a ban on hun-
ting bears (Z), but in the years since, the
country undertook no efforts to implement
strategies to prevent human-carnivore
interactions. In July 2024, the Romanian
Parliament responded to a human fatality
involving a brown bear by passing legisla-
tion that allowed hunters to kill 426 brown
bears by the end of 2024 and an additional
426 individual bears in 2025 (2). The
legislation emulates regulations in Sweden,
but Sweden collects in-depth data about
their brown bear population (3), whereas
Romania lacks the relevant scientific data
(4). The hunting quotas and management
system included in this legislation will not
address the risk of human-bear interac-
tions and will undermine progress toward
science-based management.

Hunting is unlikely to reduce human-bear
conflict because the spatial distribution of
quotas fails to take bear demography into
account, and hunting does not necessar-
ily target high-conflict areas or times of
the year when conflict is most likely (5).
Moreover, this approach ignores the roots of
conflict, which include the management of
factors that attract bears, such as waste and
food; the habituation of bears to people; the
degradation and fragmentation of habi-
tats; tourism that involves unpredictable
human behavior; and shifting perceptions
of wildlife (6, 7). Instead, the quota system
encourages professional hunters, who keep
pelts and skulls as trophies, to target the
largest animals in the population (8). In
addition to the lack of data informing the
new policy, the legislation includes neither
clear management objectives nor any
measure that can be used to assess the cull’s
success on human-bear conflict mitigation.

Instead of relying only on hunting to
decrease population size, Romania should

SCIENCE science.org

implement proven strategies that promote
coexistence. For example, the government
could fund waste management that includes
bear-proof containers, install warning sig-
nage for tourists in areas with a high density
of bears and during sensitive periods, and
ban people from feeding bears in urban and
suburban areas. If other strategies fail, the
government could facilitate the removal of
problem bears on a case-by-case basis (9).
Romania should engage in public
outreach and education to ensure that the
public tolerates the level of brown bear
abundance that is necessary for ecosys-
tem sustainability (Z0). Romania’s policies
should also take into account the brown
bear’s status as a “strictly protected spe-
cies” according to the Bern Convention
(I1). To protect its people and its bears, the
Romanian government should capitalize
on the growing knowledge generated by
the scientific community and replace the
hunting policy with a transparent, inclusive,
multidisciplinary science-based wildlife
management strategy.
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Equitable access needed
in clinical research

In her News story “Cornerstone medi-

cal ethics guidelines get a major update”
(1 November 2024, p. 473), C. O’Grady
describes recent changes to the Declaration
of Helsinki (I). Although the revision
includes improvements, O’Grady explains
that some issues were overlooked, such
as obligations to research participants
and their communities. These oversights
are particularly stark in tuberculosis (TB)
research, and the resulting disparities
illustrate the importance of addressing
inequities systemically.

Everyone has the right to enjoy the
benefits of scientific progress and its
applications (2, 3), but this right remains
neglected in the design, implementation,
and application of TB clinical research.

TB disproportionately affects communi-
ties in resource-poor settings (4), and the
development of new drugs and diagnostics
requires research participation from local
populations. Yet disparities result from the
lack of preapproval (5) and postapproval
access (6) to medications. Early trials of the
new TB drug delamanid, for example, were
conducted in South Africa (7-9). When the
drug was found to be effective, its cost was
too high for widespread use in the country
(7). Patent enforcement has further limited
access to more affordable generic versions
in South Africa and in other high-burden
TB settings whose communities contributed
to the drug’s development (10).

Much more work is required to ensure
equitable access to life-saving medical
products. Instead of serving only as trial
participants, vulnerable groups should par-
ticipate in the full research process, from its
conception through finalization. Vulnerable
groups must benefit from the products they
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helped to create. Too often, lack of preap-
proval access, such as compassionate use
programs (also known as expanded access
programs) that provide investigational
drugs to those without other treatment
options, prevents medications from reach-
ing those who need them most. High
pricing, enforcement of unjustified patents,
and lack of product registration in the coun-
try of the clinical trial (a legal prerequisite
before local procurement in all countries)
can also hinder equitable access (11).

By failing to endorse preapproval and
postapproval access for all populations, the
updated Declaration of Helsinki misses an
important opportunity to enshrine this right
for the communities whose brave decisions
to participate in clinical research benefit
everyone. Therefore, product and research

OUTSIDE THE TOWER

sponsors must include posttrial access plans
at the time of protocol submission, and gov-
ernments must hold them accountable for
delivering on these access plans. To uphold
human rights, the next amendment of the
Declaration must codify pre- and postap-
proval access to the fruits of research.
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Women-driven community education in Nepal

Under a tent near the local high school in rural Nepal, parents and
teachers gathered on the grass to watch students perform the play
they had written to emphasize the importance of maternal and
neonatal health. The students playing doctors advised those playing
parents-to-be that they should deliver in a hospital, attend routine
pre- and postnatal checkups, and avoid smoking and alcohol con-
sumption during pregnancy. The adults in the audience, who usually
receive such messages only from members of nongovernmental
organizations visiting from nearby cities, listened attentively. “We
didn’t realize our students were becoming such influential commu-
nity leaders,” one school principal remarked with pride.

The event was part of a community engagement initiative that
we launched in 2024, supported by the Bill and Melinda Gates
Foundation, to address urgent public health challenges in rural
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Nepal and strengthen science, technology, engineering, and
mathematics (STEM) education. We developed a curriculum that
included topics such as nutrition, infectious diseases, teenage
pregnancy, and the basics of microbiome science in the context
of diet and antibiotics. We used the lessons to train six Nepali
women with basic nursing backgrounds, revising the curriculum
along the way in response to their input about the needs of their
communities. The nurses then led monthly discussion sessions
with high school students, facilitating conversations that bridged
scientific knowledge and local concerns. The students also took
part in engaging activities such as debates, presentations, and
performance arts. The performance about maternal health
served as a testament to their newly gained knowledge.
Watching the students participate in community events to share

; = . ;
High school students in Nepal perform an original play about maternal health for the community.

their knowledge has reinforced our belief in the
value of context-specific, community-driven
engagement. We hope that the participants,
including the trained nurses and the students,
will continue to foster curiosity and trust in
science in their communities, contributing to
the development of the next generation of local
public health advocates and leaders.

Arya Gautam!, Sandesh Ghimire!, Aashish R. Jha234*
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AAAS names 2024 Fellows

AAAS proudly congratulates the newly elected 2024 Fellows. In 2024, the AAAS Council elected 471 members as Fellows of AAAS. Election as a
Fellow honors members whose efforts on behalf of the advancement of science or its applications in service to society have distinguished them
among their peers and colleagues. Presented by section affiliation, they are:

Section on Agriculture, Food,
and Renewable Resources
Eduard D. Akhunov, Kansas State Univ.

Frank Asche, Univ. of Florida
Pierluigi Bonello, The Ohio State Univ.
Dario Cantu, Univ. of California, Davis

Felix B. Fritschi, Univ. of Missouri—
Columbia

Bin Gao, Rensselaer Polytechnic
Institute

Rosemarie Wahnbaeck Hammond,
USDA-Agricultural Research Service

Zhenli He, Univ. of Florida

Suat Irmak, The Pennsylvania State
Univ.

Eugene F. Kelly, Colorado State Univ.

Jacek Koziel, USDA-Agricultural
Research Service

Melissa Goellner Mitchum, Univ. of
Georgia

Rodolfo M. Nayga Jr., Texas A&M Univ.
Lisa A. Schulte Moore, lowa State Univ.
Libo Shan, Univ. of Michigan

David G. White, The Univ. of Tennessee,
Knoxville

Huaijun Zhou, Univ. of California, Davis

Section on Anthropology

John W. Arthur, Univ. of South Florida,
St. Petersburg

Kathryn Weedman Arthur, Univ. of
South Florida, St. Petersburg

Jeremy DeSilva, Dartmouth College

Melissa Emery Thompson, Univ. of
New Mexico

Stephen R. Frost, Univ. of Oregon
Lee T. Gettler, Univ. of Notre Dame
Julie A. Hoggarth, Baylor Univ.
Fatimah L.C. Jackson, Howard Univ.

John Sanders Krighaum, Univ. of
Florida

Arlene Miller Rosen, The Univ. of Texas
at Austin

Richard J. Sherwood, Univ. of Missouri
School of Medicine
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Section on Astronomy
Aaron J. Barth, Univ. of California, Irvine

Carol A. Christian, Space Telescope
Science Institute

Roger N. Clark, Planetary Science
Institute

Karen J. Meech, Univ. of Hawai i
Sally Oey, Univ. of Michigan
Daniel Wolf Savin, Columbia Univ.

Eric M. Schlegel, The Univ. of Texas at
San Antonio

Gillian Wilson, Univ. of California,
Merced

Section on Atmospheric and
Hydrospheric Sciences

Hendratta N. Ali, Fort Hays State Univ.

Rajasekhar Balasubramanian,
National Univ. of Singapore
(Singapore)

Laura Gallardo, Univ. of Chile (Chile)
Matthew Huber, Purdue Univ.
Delphis F. Levia Jr., Univ. of Delaware

Xin-Zhong Liang, Univ. of Maryland,
College Park

Anna M. Michalak, Carnegie Institution
for Science

Stanley P. Sander, NASA Jet
Propulsion Laboratory, California
Institute of Technology

Noelle Eckley Selin, Massachusetts
Institute of Technology

Armin Sorooshian, Univ. of Arizona

Section on Biological
Sciences

Peter A. Abrams,
Univ. of Toronto (Canada)

Alejandro Acevedo-Gutierrez,
Western Washington Univ.

Ravi Allada, Univ. of Michigan

Sarah G. Allen, National Park Service
(Retired)

Gaya K. Amarasinghe, Washington
Univ. School of Medicine in St. Louis

William Bradley Barbazuk, Univ. of
Florida

Uttiya Basu, Columbia Univ. Vagelos
College of Physicians and Surgeons

Yehuda Ben-Shahar, Washington Univ.
in St. Louis

Celeste A. Berg, Univ. of Washington

James M. Berger, Johns Hopkins Univ.
School of Medicine

David Bilder, Univ. of California,
Berkeley

Richard W. Blob, Clemson Univ.
Thomas Blumenthal, Univ. of Colorado

Alison Buchan, The Univ. of Tennessee,
Knoxville

Donald H. Burke-Agiiero, Univ. of
Missouri-Columbia

Leslie G. Butler, Louisiana State Univ.
Stephen L. Cameron, Purdue Univ.

Isaac Cann, Univ. of lllinois Urbana-
Champaign

Debabrata Chakravarti, Northwestern
Univ. Feinberg School of Medicine

Fred Chang, Univ. of California, San
Francisco

Kent D. Chapman, Univ. of North Texas

Frederic Chedin, Univ. of California,
Davis

Sheue-yann Cheng, National Cancer
Institute, NIH

David Johannes Clark, Eunice Kennedy
Shriver National Institute of Child Health
and Human Development, NIH

Gretchen Cara Daily, Stanford Univ.

Wu-Min Deng, Tulane Univ. School of
Medicine

David Mark Diamond, Univ. of South
Florida

Maria Gloria Dominguez-Bello, Rut-
gers, The State Univ. of New Jersey

Sharon Lafferty Doty, Univ. of
Washington

Yali Dou, Univ. of Southern California
Keck School of Medicine

Alejandro Estrada, Universidad Nacio-
nal Auténoma de México (Mexico)

Steven E. Finkel, Univ. of Southern
California

Karen G. Fleming, Johns Hopkins Univ.
Polly Fordyce, Stanford Univ.

Velia M. Fowler, Univ. of Delaware
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Jean Gautier, Columbia Univ. Irving
Medical Center

Andrew J. Gow, Rutgers Univ. Ernest
Mario School of Pharmacy

David E. Graham, Oak Ridge National
Laboratory

Nick M. Haddad, Michigan State Univ.
Daniel A. Hahn, Univ. of Florida

Mark E. Hahn, Woods Hole Oceano-
graphic Institution

lan M. Hamilton, The Ohio State Univ.

Stephanie E. Hampton, Univ. of
California, Davis

David Hasan, Duke Univ.
Arie H. Havelaar, Univ. of Florida

Katherine Henzler-Wildman,
Univ. of Wisconsin-Madison

A. Randall Hughes, Northeastern Univ.
Mary Liz Jameson, Wichita State Univ.

Shingo Kajimura, Beth Israel
Deaconess Medical Center

Susan Kalisz, Univ. of Tennessee,
Knoxville

Jonathan Karn, Case Western Reserve
Univ.

Kenneth Keiler, The Univ. of Texas at
Austin

Carla F. Kim, Boston Children’s
Hospital/Harvard Medical School

Mitchell D. Knutson, Univ. of Florida

Stephen A. Krawetz, Wayne State
Univ.

Raphael M. Kudela, Univ. of California,
Santa Cruz

Soni Lacefield, Geisel School of Medi-
cine at Dartmouth

Michael P. Lesser, Univ. of New
Hampshire

Henry L. Levin, Eunice Kennedy Shriver
National Institute of Child Health and
Human Development, NIH

Michael Levin, Tufts Univ.

Ottoline Leyser, Univ. of Cambridge
(UK)

Manuel Llinas, The Pennsylvania State
Univ.

Shirley Luckhart, Univ. of Idaho
Soheila June Maleki,
USDA-Agricultural Research Service
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Harmeet Malhi, Mayo Clinic

Luciano M. Matzkin, Univ. of Arizona
Donald R. McCarty, Univ. of Florida
Duane D. McKenna, Univ. of Memphis

Helen McNeill, Washington Univ.
School of Medicine in St. Louis/WashU
Medicine

Virginia L. Miller, Univ. of North
Carolina at Chapel Hill

Christine M. Moffitt, Univ. of Idaho/US
Geological Survey

Nigel J. Mouncey, US Department of
Energy Joint Genome Institute,
Lawrence Berkeley National Laboratory

Kimberly L. Mowry, Brown Univ.
Luay Nakhleh, Rice Univ.

Thomas J. Near, Yale Univ.
Susanne Neuer, Arizona State Univ.
Karla M. Neugebauer, Yale Univ.
Madan K. Oli, Univ. of Florida

Matthew R. Parsek, Univ. of
Washington

Susan L. Perkins, City College of New
York

Jennifer Pett-Ridge, Lawrence
Livermore National Laboratory

David W. Pfennig, Univ. of North
Carolina at Chapel Hill

Bryan C. Pijanowski, Purdue Univ.
Robert C. Piper, Univ. of lowa
David L. Popham, Virginia Tech

Anne Pringle, Univ. of Wisconsin—
Madison

Gemma Reguera, Michigan State Univ.

Liam J. Revell, Univ. of Massachusetts
Boston

Thomas J. Roberts, Brown Univ.

Craig R. Roy, Yale Univ. School of
Medicine

Christopher Rudd, Université de
Montréal (Canada)

Robert O'Mara Ryan, Univ. of Nevada,
Reno

Tim Schedl, Washington Univ. School of
Medicine in St. Louis

Paul A. Scheet, The Univ. of Texas MD
Anderson Cancer Center

Barney A. Schlinger, Univ. of California,
Los Angeles

Robert J. Schmitz, Univ. of Georgia
Brad Seibel, Univ. of South Florida

Sidney L. Shaw, Indiana Univ.
Bloomington

Nadia D. Singh, Oregon State Univ.
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Stephen A. Smith, Univ. of Michigan
Tobin R. Sosnick, Univ. of Chicago

Anne Spang, Univ. of Basel
(Switzerland)

Jed P. Sparks, Cornell Univ.

Arun Srivastava, Univ. of Florida
College of Medicine

Andrew Storfer, Washington State Univ.
Lucia Carol Strader, Duke Univ.
Aaron F. Straight, Stanford Univ.

Ramaswamy Subramanian,
Purdue Univ.

Witold K. Surewicz, Case Western
Reserve Univ.

Jil C. Tardiff, Univ. of Arizona
Gordon T. Taylor, Stony Brook Univ.
Michael Terns, Univ. of Georgia
Tina L. Tootle, Univ. of lowa

Amy Lynn Toth, /owa State Univ.

Jeffrey P. Townsend, Yale Univ. School
of Public Health

Matthew J. Tyska, Vanderbilt Univ.

Stephen B. Vander Wall, Univ. of
Nevada, Reno

Wilfred Vermerris, Univ. of Florida

Albrecht G. von Arnim, The Univ. of
Tennessee, Knoxville

Eric J. Wagner, Univ. of Rochester
Medical Center

Zhi Wei, New Jersey Institute of T
echnology

Brant M. Weinstein, Eunice Kennedy
Shriver National Institute of Child Health
and Human Development, NIH

Matthew B. Wheeler, Univ. of lllinois
Urbana-Champaign

Craig T. Woodard, Mount Holyoke
College

Zheng-Hua Ye, Univ. of Georgia
Kezhong Zhang, Wayne State Univ.
Xiuren Zhang, Texas A&M Univ.

Changcheng Zhou, Univ. of California,
Riverside

Michael E. Zwick, Rutgers, The State
Univ. of New Jersey

Section on Chemistry
Amy H. Andreotti, lowa State Univ.

Katherine B. Aubrecht, Stony Brook
Univ.

Richard L. Brutchey, Univ. of Southern
California

Jianfeng Cai, Univ. of South Florida
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Stephen Creager, Clemson Univ.

David Deamer, Univ. of California,
Santa Cruz

Emily R. Derbyshire, Duke Univ.
Amar H. Flood, Indiana Univ.

Lucio Frydman, Weizmann Institute
of Sciences (Israel)/National High
Magnetic Field Laboratory

Benjamin A. Garcia, Washington Univ.
School of Medicine in St. Louis

Joseph Heppert, Texas Tech Univ.

Ilve Hermans, Univ. of Wisconsin-
Madison

Mandé Holford, Hunter College, City
Univ. of New York

Theodore R. Holman, Univ. of
California, Santa Cruz

Wenyu Huang, lowa State Univ.
Timothy A. Jackson, Univ. of Kansas
Darren W. Johnson, Univ. of Oregon

James A. Kaduk, Poly Crystallography,
Inc.

Carolyn Ann Koh, Colorado School of
Mines

Margaret E. Kosal, Georgia Institute of
Technology

Abdessadek (Abdou) Lachgar, Wake
Forest Univ.

Qing Lin, Univ. at Buffalo, State Univ. of
New York

Stephan Link, Univ. of lllinois Urbana-
Champaign

Di-Jia Liu, Argonne National Labora-
tory/Univ. of Chicago

Gary J. Long, Missouri Univ. of Science
and Technology

Angel A. Marti, Rice Univ.

Karen L. Mulfort, Argonne National
Laboratory

Christopher B. Murray, Univ. of
Pennsylvania

Jeffrey M. Pietryga, Los Alamos
National Laboratory

John A. Pojman Sr., Louisiana State
Univ.

Oleg V. Prezhdo, Univ. of Southern
California

Roger Rousseau, Oak Ridge National
Laboratory

Rachel A. Segalman, Univ. of California,

Santa Barbara

Andrew D. Sutton, Oak Ridge National
Laboratory

Ward H. Thompson, Univ. of Kansas

Jon A. Tunge, Univ. of Kansas

Vladimir N. Uversky, Univ. of South
Florida

Zheming Wang, Pacific Northwest
National Laboratory

Wei You, Univ. of North Carolina at
Chapel Hill

Jingsong Zhang, Univ. of California,
Riverside

Section on Dentistry and
Oral Health Science

Donald L. Chi, Univ. of Washington

Yvonne L. Hernandez-Kapila
Univ. of California,
Los Angeles School of Dentistry

Clark M. Stanford, The Univ. of lowa
College of Dentistry

Section on Education

Dipankar Bandyopadhyay, Virginia
Commonwealth Univ.

Cynthia Breazeal, Massachusetts
Institute of Technology

Beverly R. DeVore-Wedding, Nebraska
Indian Community College

Cindy E. Hmelo-Silver, Indiana Univ.
Bloomington

Linda E. Hyman, Marine Biological
Laboratory

Kathryn G. Miller, Washington Univ. in
St. Louis (Emeritus)

Barbara Oakley, Oakland Univ.

Jaclyn Reeves-Pepin, National Associa-
tion of Biology Teachers

Christie Sahley, Purdue Univ.
David Stroupe, The Univ. of Utah

Karen M. Viskupic, Boise State Univ.

Section on Engineering

Chaouki Abdallah,
Georgia Institute of Technology

David J. Alistot, Carnegie Mellon Univ.
Scott Banta, Columbia Univ.
Michael S. Branicky, Univ. of Kansas

Jane P. Chang, Univ. of California,
Los Angeles

Karen L. Christman, Univ. of California,
San Diego

Mark Stephen Daskin, Univ. of
Michigan

Reginald DesRoches, Rice Univ.
Sandhya Dwarkadas, Univ. of Virginia

Thomas Henry Epps lll, Univ. of
Delaware
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Rodney O. Fox, lowa State Univ.
Jan Genzer, North Carolina State Univ.

Satyandra K. Gupta, Univ. of Southern
California

Patrick E. Hopkins, Univ. of Virginia

Mona Jarrahi, Univ. of California, Los
Angeles

Young-Shin Jun, Washington Univ. in
St. Louis

Srinivas Katkoori, Univ. of South
Florida

Julius B. Lucks, Northwestern Univ.

Kenneth Lutchen, Boston Univ.

Phillip Messersmith, Univ. of California,

Berkeley

Prabhas V. Moghe, Rutgers, The State
Univ. of New Jersey

Krishnaswamy Nandakumar,
Louisiana State Univ.

Lance C. Pérez, Univ. of Nebraska-
Lincoln

Jim Pfaendtner, North Carolina State
Univ.

Milica Radisic, Univ. of Toronto
(Canada)

Jessica Rannow, KP/ Solutions
Alberto Salleo, Stanford Univ.
Jonathan E. Spanier, Drexel Univ.

M.N. Srikanta Swamy, Concordia Univ.
(Canada)

Costas Emmanuel Synolakis, Univ. of
Southern California

Deepak Vashishth, Rensselaer
Polytechnic Institute

Krista S. Walton, Georgia Institute of
Technology

Xudong Wang, Univ. of Wisconsin-
Madison

Sylvia Wilson Thomas, Univ. of South
Florida

Chee Wei Wong, Univ. of California,
Los Angeles

Peide Ye, Purdue Univ.

Section on General Interest
in Science and Engineering

Alan Bernstein, Univ. of Oxford (UK)/
Univ. of Toronto (Canada)

Patrice M. Buzzanell, Univ. of South
Florida

Denton S. Ebel, American Museum of
Natural History

Victor R. McCrary, Univ. of the District
of Columbia
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Keegan Sawyer, US Department of
Energy

Nikolaos Stergiou, Univ. of Nebraska—
Omaha

Nicholas J. Talbot, The Sainsbury
Laboratory (UK)

Berrin Tansel, Florida International
Univ.

Section on Geology and
Geography

Mark Mahalingam Baskaran, Wayne
State Univ.

Maeve A. Boland, Univ. College Dublin
(Ireland)

Susan L. Brantley, The Pennsylvania
State Univ.

Mark Brenner, Univ. of Florida
So-Min Cheong, Texas A&M Univ.

David Robert Cole, The Ohio State
Univ.

Cynthia J. Ebinger, Tulane Univ.

Kurt 0. Konhauser, Univ. of Alberta
(Canada)

Venkataraman Lakshmi, Univ. of
Virginia
Thomas Mote, Univ. of Georgia

Gregory S. Okin, Univ. of California, Los
Angeles

Bimal Kanti Paul, Kansas State Univ.

Dawn Y. Sumner, Univ. of California,
Davis

Alan G. Whittington, The Univ. of Texas
at San Antonio

Ann G. Wylie, Univ. of Maryland, College
Park (Emeritus)

Haibo Zou, Auburn Univ.

Section on History and
Philosophy of Science
Douglas Allchin, Univ. of Minnesota,
Twin Cities

Melinda Gormley, Univ. of California,
Irvine

M. Susan Lindee, Univ. of Pennsylvania

Ludmila Pollock, Cold Spring Harbor
Laboratory

Adina L. Roskies, Univ. of California,
Santa Barbara

Section on Industrial
Science and& Technology

Noubar B. Afeyan, Flagship Pioneering

Marla L. Dowell, National Institute of
Standards and Technology

Ernesto E. Marinero, Purdue Univ.
Carlos Messina, Univ. of Florida

Hongtao Yu, Morgan State Univ.

Section on Information,
Computing, and
Communication

Michael A. Bender, Stony Brook Univ.

danah boyd, Microsoft Research

Barbara M. Chapman, Stony Brook
Univ./Hewlett Packard Engineering

Howie Choset, Carnegie Mellon Univ.
George Cybenko, Dartmouth College

Alan Edelman, Massachusetts Institute
of Technology

Mark Guzdial, Univ. of Michigan
James B. D. Joshi, Univ. of Pittsburgh

Latifur Khan, The Univ. of Texas at
Dallas

David Kotz, Dartmouth College

D. Richard Kuhn, National Institute of
Standards and Technology

Wei Liu, Tencent Holdings Ltd.

Anant Madabhushi, Emory Univ.
School of Medicine

Filippo Menczer, Indiana Univ.
Bloomington

Craig J. Mundie, Mundie & Associates
LLC

Jason Nieh, Columbia Univ.
Alex Pothen, Purdue Univ.
Matthias J. Scheutz, Tufts Univ.

Yingli Tian, City College of New York,
City Univ. of New York

Don Towsley, Univ. of Massachusetts
Ambherst

Nalini Venkatasubramanian, Univ. of
California, Irvine

Li Xiong, Emory Univ.

Moustafa Amin Youssef, The American
Univ. in Cairo (Egypt)

Thomas Zimmermann, Univ. of Califor-
nia, Irvine

Section on Linguistics and
Language Science

Marlyse Baptista, Univ. of Pennsylvania

Jeffrey Lidz, Univ. of Maryland, College
Park

Asifa Majid, Univ. of Oxford (UK)

Donna Jo Napoli, Swarthmore College
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Barbara Zurer Pearson, Univ. of
Massachusetts Amherst

Section on Mathematics
Solomon Friedberg, Boston College

Overtoun M. Jenda, Auburn Univ.
Jonathan C. Mattingly, Duke Univ.

Linda Preiss Rothschild, Univ. of
California San Diego (Emeritus)

Frank Sottile, Texas A&M Univ.

Section on Medical Sciences

Elliot J. Androphy, Indiana Univ. School
of Medicine

Themistocles L. Assimes, Stanford
Univ. School of Medicine

Michael R. Barratt, NASA Johnson
Space Center

Theresa Beckie, Univ. of South Florida
Kiros Berhane, Columbia Univ.
Zea Borok, Univ. of California San Diego

Prosper N. Boyaka, The Ohio State
Univ.

Stephen Bruehl, Vanderbilt Univ.
Medical Center

Karen Bush, Indiana Univ. Bloomington

Lauren Averett Byers, The Univ. of
Texas MD Anderson Cancer Center

Weibo Cai, Univ. of Wisconsin-Madison
Kathleen L. Collins, Univ. of Michigan

George Cotsarelis, Perelman School of
Medicine at The Univ. of Pennsylvania

Sabrina Diano, Columbia Univ.

Andrzej Dlugosz, Univ. of Michigan
Medical School

Brian J. Druker, Oregon Health and
Science Univ.

Victor J. Dzau, National Academy of
Medicine

Leonard P. Freedman, Frederick
National Laboratory for Cancer Research

Roman J. Giger, Univ. of Michigan

David A. Hafler, Yale Univ. School of
Medicine

Richard Henderson, MRC Laboratory
of Molecular Biology

Angela L. Jefferson, Vanderbilt Univ.
Medical Center

Mark H. Kaplan, Indiana Univ. School
of Medicine

Kalpana S. Katti, North Dakota State
Univ.

Gregory Kirk, Johns Hopkins Univ.
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Wilbur Lam, Emory Univ./Georgia
Institute of Technology

David H. Lawson, Winship Cancer
Institute of Emory Univ.

Cecile A. Lengacher, Univ. of South
Florida College of Nursing

David M. Markovitz, Univ. of Michigan
Medical School

Laura R. McCabe, Michigan State Univ.

Larry S. McDaniel, Univ. of Mississippi
Medical Center

Borna Mehrad, Univ. of Florida College
of Medicine

Shlomo Melmed, Cedars-Sinai Medical
Center

Leonard M. Milstone, Yale Univ. School
of Medicine

Ruth R. Montgomery, Yale Univ. School
of Medicine

Robin Patel, Mayo Clinic

Elizabeth Jane Phillips, Vanderbilt
Univ. Medical Center

Henry J. Pownall, Houston Methodist
Academic Institute/Weill Cornell
Medical College

Arvind U. K. Rao, The Univ. of Michigan,
Ann Arbor

Pavan Reddy, Baylor College of
Medicine

James G. Rheinwald, Univ. of California,

Los Angeles

Inez Rogatsky, Hospital for Special
Surgery/Weill Cornell Medical College

Mitnala Sasikala, Asian Institute of
Gastroenterology (India)

Abhay R. Satoskar, The Ohio State
Univ. College of Medicine

Michael Robert Savona, Vanderbilt
Univ. Medical Center

Zhongjie Sun, The Univ. of Tennessee
Health Science Center

Anish Thomas, National Cancer
Institute, NIH

Edmund K. Waller, Emory Univ. School
of Medicine

Xin Wei Wang, National Cancer
Institute, NIH

Xiao-Ming Yin, Tulane Univ. School of
Medicine

Section on Neuroscience
Tracy L. Bale, Univ. of Colorado

Diana M. Bautista, Univ. of California,
Berkeley

Staci Bilbo, Duke Univ.
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Joshua C. Brumberg, Queens College
and Graduate Center of the City Univ. of
New York

Jeffrey L. Cummings, Univ. of Nevada,
Las Vegas

Richard J. Krauzlis, National Eye
Institute, NIH

Emily R. Liman, Univ. of Southern
California

A. Kimberley McAllister, Wake Forest
Univ.

Lisa M. Monteggia, Vanderbilt Univ.

Jack M. Parent, Univ. of Michigan Medi-
cal School

Phyllis R. Robinson, Univ. of Maryland,
Baltimore County

Michael A. Sesma, National Institute of
General Medical Sciences, NIH

Joshua A. Weiner, Univ. of lowa

Stephanie Ann White, Univ. of Califor-
nia, Los Angeles

Section on Pharmaceutical
Sciences

Mansoor M. Amiji, Northeastern Univ.

Kim L. R. Brouwer, Univ. of North
Carolina at Chapel Hill

Carrie Haskell-Luevano, Univ. of Min-
nesota, Twin Cities

Homer L. Pearce, Eli Lilly and Company
(Retired)

Steven M. Swanson, Univ. of
Wisconsin-Madison

Section on Physics

Kevork N. Abazajian, Univ. of California,

Irvine
John F. Beacom, The Ohio State Univ.
Mani L. Bhaumik, Retired

Troy Alan Carter, Oak Ridge National
Laboratory/Univ. of California, Los An-
geles

Yong P. Chen, Purdue Univ./Aarhus
Univ. (Denmark)

Jacinta C. Conrad, Univ. of Houston

Raissa M. D’Souza, Univ. of California,
Davis

Liesl Folks, Univ. of Arizona

Peter H. Garbincius, Fermi National
Accelerator Laboratory

Daniel I. Goldman, Georgia Institute of
Technology

Chris H. Greene, Purdue Univ.

Sean J. Hearne, Southeastern Universi-
ties Research Association
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Morten Hjorth-Jensen, Michigan State
Univ./Univ. of Oslo (Norway)

Roland Kenji Kawakami, The Ohio
State Univ.

Chun Ning Lau, The Ohio State Univ.

Ho Nyung Lee, Oak Ridge National
Laboratory

Xiaosong Li, Univ. of Washington

Kam-Biu Luk, Hong Kong Univ. of
Science and Technology/Univ. of
California at Berkeley

Jeffrey W. Lynn, National Institute of
Standards and Technology

Zhigiang Mao, The Pennsylvania State
Univ.

Peter J. Mohr, National Institute of
Standards and Technology

Jagadeesh S. Moodera, Massachusetts
Institute of Technology

llya Nemenman, Emory Univ.

Ruslan Prozorov, lowa State Univ./
Ames National Laboratory

James M. Rondinelli, Northwestern
Univ.

Bernard Sadoulet, Univ. of California,
Berkeley

David P. Saltzberg, Univ. of California,
Los Angeles

Peter E. Schiffer, Princeton Univ.

Jorg Schmiedmayer, Vienna Center
for Quantum, Science and Technology,
Atominstitut, TU Wien (Austria)

Ilvan Smalyukh, Univ. of Colorado at
Boulder

Michael Thoennessen, Michigan State
Univ.

Robert Miles Zwaska, fermi National
Accelerator Laboratory

Section on Psychology
Karen E. Adolph, New York Univ.

Leda Cosmides, Univ. of California,
Santa Barbara

Michael Cunningham, Tulane Univ.
Douglas A. Gentile, lowa State Univ.
Simona Ghetti, Univ. of California, Davis

Kenneth S. Kendler, Virginia
Commonwealth Univ.
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Miniature robot explores the deep sea

ery few robots have been built to withstand the harsh conditions of the deep sea. Bulky actuation systems
can be destructive to delicate habitats, and the few miniaturized robots have limited locomotion. Pan et al.
designed an untethered miniature robot that uses shape memory alloys and chiral metamaterials to over-
come the high pressures and low temperatures of the deep sea. The robot is capable of swimming, gliding,
morphing, and crawling, and was successfully deployed in the Haima Cold Seep (1380 m) and the Mariana
Trench (10,600 m). The chiral design strategy was also used on a soft gripper capable of collecting delicate biologi-
cal specimens. These pressure-resistant actuators pave the way for future exploration of deep-sea ecosystems.
—Melisa Yashinski Sci. Robot. (2025) 10.1126/scirobotics.adp7821

A miniature deep-sea robot capable of swimming, crawling, and sample retrieval

CANCER THERAPY
Using autoimmunity

against cancer

Many cancers suppress attacks
from the immune system. Chen
et al. found that antitumor
immunity and immunotherapy
might be improved by harness-
ing an antibody associated with
the autoimmune disease lupus.
The antibody, called 4H2, was
taken up into cells, where it
bound to endogenous RNA. This
action recruited and activated

SCIENCE science.org

the nucleic acid sensor cGAS,
which initiated inflammatory
signaling that was cytotoxic to
cancer cells in culture, but not to
normal cells. In mice with glio-
blastomas, 4H2 localized to the
tumor after systemic administra-
tion, improved animal survival in
aT cell-dependent manner, and
improved the efficacy of immune
checkpoint blockade therapy,
demonstrating its therapeutic
potential. —Leslie K. Ferrarelli
Sci. Signal. (2025)
10.1126/scisignal.adk3320

HAPTICS
Realistic virtual

tactile sensations

Our sense of touch provides a
wide range of sensations that
tell us about the environment
around us, including many
things that we can’t ascertain
using sight alone. These signals
come from arich collection
of receptors that exist in the
skin. Ha et al. developed a
single actuator unit that can
exert complex combinations

28 MARCH 2025

of dynamic forces, including
pressure, shear, vibration,
displacement, and torque, to
achieve haptic information
transfer and realistic virtual
tactile sensations. The authors
demonstrate the application
of this system in hand naviga-
tion, reproduction of textural
sensation, and tactile percep-
tion of music, with a broader
goal of using the actuator for
biomedical and extended reality
applications. —Marc S. Lavine
Science p.1383,10.1126/science.adt2481
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PLANT PATHOLOGY
Tandem kinases act
through NLRs

Plant immunity relies heavily on
intracellular nucleotide-binding
leucine-rich repeat (NLR)
proteins, which can act as either
receptors or signal transducers
to facilitate disease resistance. In
wheat and barley, an alternative
class of genes called the tandem
kinases also contribute to
disease resistance. Two papers in
this issue elucidate how tandem
kinases work, showing that wheat
tandem kinases require an NLR
to function. Chen et al. found a
pathogen effector that triggers
the action of the wheat Sr62
tandem kinase. They demon-
strate that the effector interacts
with Sr62’s active kinase domain,
enabling a pseudokinase domain
to activate the corresponding
NLR. In parallel, Lu et al. found
that a different tandem kinase,
WTK3, activates the same NLR
as Sr62, and that this NLR acts
as a calcium ion channel once
activated. Together, these stud-
ies solidify the role of NLRs as
hubs for immune signaling in
response to diverse pathogens
and will guide breeding efforts
for disease-resistant wheat.
—Madeleine Seale

Science p.1402,10.1126/science.adp5034

p.1418,10.1126/science.adp5469

ORGANIC CHEMISTRY
Ready to couple

Reactions that produce carbon-
carbon bonds are foundational to
organic chemistry and phar-
maceutical synthesis. Although
palladium catalysis has been a
workhorse for decades for this
purpose, more Earth-abundant
nickel catalysis has recently been
used more often in tandem with
chemical, photochemical, or elec-
trochemical reductive activation.
Sun et al. report the application
of a class of sulfonyl hydrazide
reactants that do not require
external reduction. Simple heat-
ing with nickel catalysts forges
a wide variety of carbon-carbon
bonds to alkyl, alkenyl, alkynyl,
and aryl partners through a radi-
cal pathway. —Jake S. Yeston
Science p.1377,10.1126/science.adu6406

1368

METALLURGY
A high-temperature
nanostructured alloy

In theory, nanocrystalline
alloys should be able to retain
considerable strength even at
high temperatures, but this
has rarely been demonstrated
in practice. Hornbuckle et al.
started with a binary alloy of
copper (Cu) and tantalum
(Ta), even though the two
are immiscible, to which they
added lithium (Li). This mixture
resulted in precipitates of
nanoscale clusters of CuslLi
coated with Ta. This core-shell
structure neither dissolves nor
coarsens at temperatures
of up to 800°C while also caus-
ing the yielding strength to
be in excess of 1 gigapascal.
—Marc S. Lavine

Science p.1413,10.1126/science.adr0299

POLICING
Racial bias in traffic stops

US police detain racial or ethnic
minority drivers (Asian and
Pacific Islander, Black, and
Hispanic) more than white
drivers. However, a longstand-
ing debate remains unsettled:
Does this necessarily reflect
police bias? Hypothetically, if
minorities were more prone to
disobey speed limits and traffic
laws, then their traffic stops
may be warranted. To put this
debate to rest, Aggarwal et al.
examined rideshare data from
Lyft in the state of Florida to
compare minority drivers with
their white counterparts. Lyft
objectively measured driv-
ers'locations, driving speed,
and location speed limits (see
the Perspective by Knox and
Mummolo). White and minority
drivers showed no discern-
ible differences in speeding
behaviors or traffic violations.
However, when both drove
at identical speeds, police
were still 33% more likely to
issue speeding citations to
minority drivers and charged
34% more expensive fines,
unequivocally revealing bias.
—Ekeoma Uzogara

Science p.1397,10.1126/science.adp5357;

seealso p.1350,10.1126/science.adw3618
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Genomic assays reveal that o
168 species contribute to the:
sunburst lichen (Xanthoria %
parietina), explaining in part
why these organisms have
been so difficult to study.

ADAPTATION
Converging on
a winter’s nap

Separate populations of a species
occasionally migrate to the same
new environment at different
times. Although this can result in
these populations merging, it may
also result in parallel adaptations
to similar new pressures. Shoshan
et al. examined two popula-

tions of Swedish speckled wood
butterfly (Pararge aegeria) that
express winter diapause, a type of
dormancy that allows insects to
bypass difficult seasons. Although
there was gene flow between
these populations, F; hybrids
showed a distinct intermediate
diapause phenotype between

the two parent populations. The
authors found that a region on the
Z chromosome was associated
with this trait in one population
but not the other, suggesting that

the genetic architecture of this
trait differs between populations.
—Corinne Simonti
Proc. R. Soc. B(2025)
10.1098/rspb.2024.2195

QUANTUM MATERIALS
A quantum device
Etch A Sketch

Oxide heterostructures can give
rise to exotic behaviors such

as magnetism and supercon-
ductivity at the interface region
between some materials even
though neither material displays
that particular property. Although
much early work focused on
LaAlO3/SrTiOs interfaces, inter-
est has now shifted to interfaces
between LaAlO3 and KTaO3, a
material that can exhibit stronger
spin-orbit coupling and a higher
superconducting transition
temperature. Yu et al. used
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conductive atomic force micros-
copy to pattern superconducting
weak links at the LAO/KTO
interface, key nonlinear elements
in several quantum devices. They
also demonstrate the fabrication
of superconducting quantum
interference devices by extend-
ing the patterning process. This
on-demand patterning provides
a versatile platform with which to
develop quantum materials and
devices. —lan S. Osborne
Phys. Rev. X (2025)
10.1103/PhysRevX.15.011037

PHYSICS
Chipping away at
the cuprate problem

The material science of cuprate
superconduction is very complex,
and describing its physics using
ab initio methods is a daunting
task. Cui et al. have made an

SCIENCE science.org

important step in that direction.
Although their method contains
approximations that render the
calculations tractable, they were
able to reproduce experimental
trends such as the dependence of
the pairing order on pressure and
number of copper oxide layers.
Further development of these
methods may lead to a better
understanding of cuprate super-
conductivity and its mechanism.
—Jelena Stajic
Nat. Commun. (2025)
10.1038/541467-025-56883-x

SIGNAL TRANSDUCTION
Big data meets

cytokine signaling
Advances in techniques that
allow the manipulation, genetic
modification, and sequencing of

RNA transcripts in single cells
hold promise for explaining how

LICHENS

Uncovering
elusive biology

ssociations between algal
cells and fungal cells are
found on all but the most
polluted undisturbed
surfaces. Classically,

lichens were considered to be
relations between two or three
species, but Tagirdzhanova

et al. now show that even the
common “sunburst” spe-

cies Xanthoria parietina is so
much more. The authors have
discovered more than 168 dif-
ferent genomes associated with
this lichen, from green algae,
several fungi, to many bacterial
phyla, which appear variously
to show lichen life stage—spe-
cific gene expression and to
produce a multiplicity of effec-
tors and metabolites. Lichens
are difficult to manipulate
experimentally, but this survey
provides a way to discover more
about their extraordinary biol-
ogy. —Caroline Ash

Curr. Biol. (2025)
10.1016/j.cub.2024.12.041

complex signaling pathways
control biological systems. Using
a combination of experimental
and analytical improvements,
Jiang et al. characterized the
responses of six cancer cell lines
stimulated with five cytokines in
the context of genetic pertur-
bation of a panel of about 50
target genes. Single-cell RNA
sequencing of more than 2.5
million cells revealed their
context-dependent responses,
showing how downstream gene
regulation depended on pathway
components and how target
genes varied across cell types.
Such analysis will enhance our
understanding of cell responses
during perturbation, and further
expansion of such protocols
could help to reveal interactions
between pathway components.
—L. Bryan Ray
Nat. Cell Biol. (2025)
10.1038/541556-025-01622-z
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GENOMICS
Genetics of arare

skin disorder

Epidermolysis bullosa (EB)
is a rare, inherited group of
skin disorders usually diag-
nosed during infancy. Affected
children develop blistering
lesions throughout the body in
response to heat exposure or
mechanical friction, which can
be life-threatening. EB simplex
(EBS) is the most common
subtype and is associated with
genetic variants in the KRT5
gene. Bergson et al. used exome
sequencing to explore why
disease severity differs between
individuals carrying the same
EBS-causing variant, reveal-
ing deleterious variants in the
HMCNI1 gene. HMCNI1 encodes
hemicentin-1, an extracellular
matrix protein found to bind
the keratin 14 protein. Silencing
HMCNI expression disturbed
the organization of epidermal
keratinocytes and their attach-
ment to the extracellular matrix.
—Priscilla N. Kelly
J. Exp. Med. (2025)
10.1084/jem.20240827

SODIUM CATHODES
Higher entropy

promotes fast charging

Sodium-ion batteries with O3-type
layered oxide cathodes are being
widely explored as alternatives to
lithium iron phosphate batteries
for future electrification. However,
the inevitable phase transitions
between O-type and P-type
structures during operation often
impair battery lifetime and fast-
charging capability. Wang et al.
addressed this issue by increasing
the configurational entropy of the
cathode and developed a mul-
tielemental cathode capable of
fast charging, even at 20°C, with
a prolonged life span. Through in
situ and ex situ experimental char-
acterization and computational
analysis, the authors showed that
higher entropy promotes biphasic
reaction kinetics while mitigating
oxygen release and surface recon-
struction. —Jack Huang

J.Am. Chem. Soc. (2025)

10.1021/jacs.4c12733
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Complex-frequency excitations
in photonics and wave physics

Seunghwi Kimt, Alex Krasnokt, Andrea Alu*

BACKGROUND: Customizing how a system re-
sponds to external stimuli is essential for a
wide range of wave-based technologies, such
as photonics, acoustics, elastodynamics, radio-
frequency engineering, and quantum optics.
This response involves the intricate dynamics
of wave interactions with matter, leading to
reflection, absorption, diffraction, and scatter-
ing of waves, altering their momentum and
energy flow. In turn, these principles underpin
a multitude of wave phenomena and technol-
ogies, from the reflection of light and the echo
of sound to the intricate behavior observed in
photonic systems. In most settings, these phe-
nomena are limited by fundamental system
properties such as passivity, linearity, and time-
reversal symmetry, imposing constraints on
bandwidth, efficiency, and other performance
metrics. Recent efforts to overcome these
limitations involve the use of material gain;
tailored responses in systems characterized by
nonconservative interactions with their envi-
ronment; time modulation, amplification,
and lasing; and nonreciprocal materials.
Although these strategies show promise, they
often introduce unwanted challenges, such as
increased complexity, reduced ease of integra-
tion, high costs, and footprint requirements.

Optics

Elastodynamics
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ADVANCES: In recent years, excitations that
oscillate at complex-valued frequency have tran-
sitioned from being merely analytical and
numerical tools to model photonic systems
to becoming a viable route to experimentally
access exotic wave responses. By utilizing ex-
citation signals with tailored waveforms whose
amplitudes grow or decay exponentially in
time, researchers have been able to effectively
mimic the effect of gain and loss in passive
systems without modifying their material
properties. This advancement has led to ex-
perimental demonstrations of phenomena
previously thought unattainable in passive
systems. Notable examples include compen-
sating losses in metamaterials, enhanced
sensing, parity-time symmetry transitions
without the need for active elements, and
generation of optical pulling forces without
specially designed spatial field gradients. These
breakthroughs have also unlocked new capa-
bilities, such as the manipulation of light for
super-resolution imaging and real-time control
over light-matter interactions and critical cou-
pling of optical cavities, as well as phenomena
that mimic the presence of material gain in
passive systems. By bridging theoretical con-
cepts with experimental implementations, these

Quantum

Rb® v

Complex-frequency excitations in various wave physics settings. Exotic wave phenomena available
across optics, radiofrequency (RF), elastodynamics, mid-infrared (mid-IR), acoustics, and quantum wave
systems, leveraging complex-frequency excitations to enhance modern technologies.
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advances demonstrate the feasibility of access-
ing non-Hermitian responses in passive lin-
ear systems. This enables new possibilities
for wave-based technologies without the
need for complex materials and the down-
sides of active elements.

OUTLOOK: The recent progress in the use of
complex frequencies and their associated wave-
matter interactions offers metamaterials and
wave control new opportunities, particularly
in the context of non-Hermitian wave phe-
nomena. In optics and photonics, these tools
offer opportunities to dramatically alter how
light interacts with matter in a highly dy-
namic and tunable fashion, enabling enhanced
control over light emission and transport. This
paves the way for observing non-Hermitian
and topological wave phenomena without
relying on complex non-Hermitian materials,
which are challenging to realize. By applying
this excitation approach to well-established
platforms, it becomes possible to exploit the
interplay of effective gain and loss encoded
in the temporal waveform of the excitation
to create new functionalities and enhance the
performance of modern technologies. For
instance, in optical communications, sensing,
and computing, the ability to manipulate waves
by using complex-frequency excitations may
lead to more efficient and adaptable systems.

Future research directions include develop-
ing more efficient methods for generating
complex-frequency excitations, integrating
these techniques into existing technologies,
and exploring their applications across various
fields. Emerging platforms such as metasurfaces,
polaritonic materials, optomechanical systems,
and topological insulators provide unexplored
opportunities to investigate the effects of complex-
frequency excitations in systems with inherently
large nonlinearities, naturally strong light-matter
interactions, and intrinsic robustness. Tailored
effective gain and loss driven by the excitation
waveform in these systems opens the potential
for a substantial shift in the study, application,
and control of wave-matter interactions across
many physical domains. By bridging theoretical
advancements with practical implementations,
we anticipate that complex-frequency excitations
may become crucial for future technological
innovations, impacting fields beyond photonics
and wave physics, such as quantum computing,
biomedical engineering and sensing, imaging,
and energy harvesting.

The list of author affiliations is available in the full article online.
*Corresponding author. Email: aalu@gc.cuny.edu

tThese authors contributed equally to this work.

Cite this article as S. Kim et al., Science 387, eado4128
(2025). DOI: 10.1126/science.ado4128
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Telomeric transposons are pervasive
in linear bacterial genomes

Shan-Chi Hsieh, Maté Fiilop, Richard Schargel, Michael T. Petassi, Orsolya Barabas, Joseph E. Peters*

INTRODUCTION: Eukaryotes have linear DNA
with specialized telomere ends that are pro-
tected and maintained by dedicated proteins.
Selfish mobile genetic elements called trans-
posons are known to accumulate in gene-poor
eukaryotic telomere regions and, in some cases,
take control of these ends. Many bacteria main-
tain their DNA as circles, but multiple medical-
ly and industrially relevant species have linear
DNA and their own distinct mechanisms of
telomere maintenance. Transposons drive ge-
netic exchange in bacteria and have evolved
ingenious ways to target integration into per-
missive genomic sites, strategies that allow
these genetic elements to preserve essential
functions of the bacterial host.

RATIONALE: To understand how transposons
propagate in bacteria, a global view of bacte-
rial genomes is required. However, bacteria
are extremely diverse, and this diversity is dif-
ficult to explore because most species are re-
calcitrant to growth in the laboratory. Recently,

DNA sequencing from natural samples has
become a major means to understand micro-
bial diversity by using huge databases of DNA
sequence information from diverse environ-
ments. We investigated the variety of trans-
posons from nonmodel bacteria and explored
their distribution in relation to telomeres to
better understand how these elements con-
tribute to the maintenance and exchange of
genetic information.

RESULTS: We computationally screened large-
sequence databases from bacteria that have
linear genomes, looking for protein families
that are found in transposons. The focus was
on types of transposons that use multiple pro-
teins to carefully control where they integrate.
We investigated cyanobacteria that maintain
their telomeres by looping the two comple-
mentary DNA strands as a hairpin. We iden-
tified transposons that are only present in
telomeric regions and possess the enzyme
called protelomerase, which is known to form

Bacteria with linear DNA Telomeric transposons Transposon-mediated
telomere turnover
Cyanobacteria Chromosomes/Plasmids S Protelomerase-ASsociated Paired transposons
.~ Transposons >e
Transposonend  Telomere hairpin - ~;;— -
v b jr——]
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D
__________ Protelomerase
Streptomyces Chromosomes/Plasmids ~ ,/ Tn7-like: Paired transposons
,/ Transposonend  Terminal protein _o
/ / Often encode: i =
Conjugation helicase +
Terminal protein & polymerase P
TnsBC family: | | |
—
S e
Diverse, includes: d
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*«_ Transposons —

Telomeric transposons occupy linear DNA ends in cyanobacteria and Streptomyces. The elements possess
a single transposon end and replace the target telomere with their own. In cyanobacteria, the telomeric
transposons are associated with the protelomerase gene for maintaining their hairpin telomere. In
Streptomyces, diverse telomeric transposons, including type I-E CASTs, belong to two families (Tn7-like
and TnsBC) and are often associated with telomere maintenance genes.
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hairpin DNA ends. Biochemical experiments
showed that the protelomerase maintains the
specific telomere sequence found with the telo-
meric transposon, indicating that the trans-
poson controls this end of the host DNA.
Reconstituting the transposon in genetically
tractable bacteria showed that it can actively
mobilize and bias integration to telomeres
when the chromosome is linearized. Analysis
of DNA sequences from Streptomyces bacteria
revealed two additional families of telomeric
transposons, which are estimated to populate
about a third of these genomes. Streptomyces
protect and maintain their telomeres by using
proteins that are bound covalently to the DNA
ends. These systems also partner with another
enzyme that can exchange DNA between bac-
teria, facilitating evolution. Unlike known trans-
posons that have specific terminal sequence
repeats, telomeric transposons have one con-
served transposon end and terminate with a
telomere on the other side. We identified
diverse modalities that allow telomeric trans-
posons to exist as DNA ends. In all cases, these
elements likely take control of telomeres, pre-
venting the bacterial host from losing the
transposon that now forms its chromosome
ends. One subfamily of telomeric transposons
co-opted a CRISPR system that is normally
used for defense against invading DNA as a
tool for the transposon to target chromosome
ends, exploiting RNA guides to locate and tar-
get telomeric sequences. Population analysis
suggests that telomeric transposons replace
the telomeres not just from the host but also
from other telomeric transposons.

CONCLUSION: Transposons are major drivers
of genetic exchange across bacteria. Target site
selection has emerged as a key feature to en-
sure transposon spread while minimizing ex-
cessive damage to the host. In this work, we
identified several families of transposons that
populate bacterial telomeres, a striking paral-
lel to the behavior of transposons found in
eukaryotes. When these telomeric transposons
commandeer a DNA end of the host, they also
act as an “addiction” system, ensuring that
they cannot be lost. Distinct adaptations al-
low these elements to spread across telomere
ends in the host and horizontally between
hosts. They also mobilize genes with new func-
tions that likely benefit new bacterial hosts,
profiting the transposon and host.

The list of author affiliations is available in the full article online.
*Corresponding author. Email: joe.peters@cornell.edu
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Leucine aminopeptidase LyLAP enables lysosomal
degradation of membrane proteins

Aakriti Jain, Isaac Heremans, Gilles Rademaker, Tyler C. Detomasi, Peter Rohweder,
Dashiell Anderson, Justin Zhang, Grace A. Hernandez, Suprit Gupta, Teresa von Linde, Mike Lange,
Martina Spacci, Jiayi Luo, Y. Rose Citron, James A. Olzmann, David W. Dawson, Charles S. Craik,

Guido Bommer, Rushika M. Perera, Roberto Zoncu*

INTRODUCTION: Transmembrane proteins con-
stitute about 20 to 30% of the human pro-
teome and are crucial for processes such as
nutrient transport, signaling, and cell adhesion.
These proteins are degraded within lysosomes,
where specialized enzymes break them down
into single amino acids. Macropinocytosis and
phagocytosis may accelerate membrane pro-
tein turnover, especially in pathologies such
as pancreatic ductal adenocarcinoma PDA],
where cells rely on enhanced lysosomal activity
for nutrient acquisition. However, the lysosomal
degradation of membrane proteins is incom-
pletely understood; specifically, how the hydro-

Pancreatic cancer cells

Plasma membrane

phobic, lipid-embedded regions of these
proteins are degraded is unclear. Efficient
degradation of transmembrane domains is crit-
ical because their hydrophobic nature can
result in aggregation, while their lipid-intercalat-
ing properties can compromise lysosomal mem-
brane integrity.

RATIONALE: Lysosomal proteolysis of hydro-
phobic a-helical domains is a key but poorly
understood step in the life cycle of integral
membrane proteins and is likely critical in cell
types that engage in high rates of endocytosis,
including phagocytic immune cells and certain
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cancer types. However, no lysosomal enzymes
that mediate this activity have been identified.

RESULTS: By combining lysosomal proteomics
with functional genomics, we identified PLBD1
(phospholipase B domain-containing 1), re-
named LyLAP (lysosomal leucine aminopep-
tidase), as a top-ranking lysosomal hydrolase
in cells that undergo high rates of endocytosis,
specifically PDA and phagocytic immune cells.
In PDA cells, LyLAP knockdown led to both
morphological and functional defects; lyso-
somes became grossly enlarged and deacidified,
accumulating undigested substrates, including
proteins and lipids.

On the basis of its structural features, LyLAP
was predicted to hydrolyze amide bonds, but
its true substrates remained unknown. By re-
constituting LyLLAP-depleted lysosomes with
recombinant LyLAP protein, we identified hy-
drophobic peptides as its bona fide substrates.
LyLAP processively degraded these peptides
starting at their amino termini, which most
often consist of hydrophobic amino acids, such
as leucine. Most LyLAP substrate peptides
identified mapped to the membrane-spanning
regions of integral membrane proteins, many
of which reside at the plasma membrane and
are trafficked to the lysosome for degradation.

Consistent with the key role for LyLAP in
degrading hydrophobic peptides, these sub-
strates accumulated in LyLAP-depleted ly-
sosomes. This accumulation destabilized the
lysosomal limiting membrane and impaired
lysosomal function.

LyLAP was the most up-regulated lysosomal
hydrolase in PDA cell lines and PDA patient
samples. Knockdown of LyLAP was sufficient
to arrest proliferation and cause cell death in
PDA cell lines.

CONCLUSION: Our discovery of LyLAP addresses
a major gap in lysosomal proteolysis. Its pro-
cessive activity on hydrophobic residues ensures
complete degradation of single-pass and multi-
pass transmembrane proteins. Questions re-
main about how LyLAP cooperates with other
hydrolases, the sequence of proteolytic events,
and alternative mechanisms in LyLAP-defi-
cient cells.

The elevated expression of LyLAP in PDA and
their strongly reduced viability upon LyLAP ab-
lation suggest a model where, by delivering large
amounts of integral membrane proteins to the
lysosome, the elevated macropinocytic activity
of PDA cells makes them highly dependent on
LyLAP function.

LyLAP enables membrane protein degradation in highly endocytic cells. Integral membrane proteins at
the plasma membrane are internalized and trafficked to the lysosome, where LyLAP mediates the complete
degradation of hydrophobic transmembrane domains. In highly endocytic pancreatic cancer cells, LyLAP

depletion triggers the accumulation of undigested hydrophobic peptides, inducing lysosomal permeabilization

and dysfunction, in turn leading to cell death.
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Chromatin accessibility landscape of mouse early
embryos revealed by single-cell NanoATAC-seq?2

Mengyao Lit, Zhenhuan Jiangt, Xuegiang Xu, Xinglong Wu, Yun Liu, Kexuan Chen, Yuhan Liao,
Wen Li, Xiao Wang, Yuging Guo, Bo Zhang, Lu Wen*, Kehkooi Kee*, Fuchou Tang*

INTRODUCTION: Preimplantation development
marks the beginning of mammalian life, gen-
erating the entire embryo proper and extra-
embryonic tissues from a totipotent zygote.
However, owing to technical limitations, the
epigenetic regulation of biological processes
during this period, including zygotic genome
activation (ZGA), lineage differentiation, and
initiation of pluripotency, remains inadequate-
ly understood.

RATIONALE: We hypothesized that the regula-
tion of chromatin states, especially on repetitive
elements, plays vital roles in preimplantation
embryos. Furthermore, transcription factors
(TFs) are fundamentally involved in their gene

0DDOCH & O

Late
two-cell

Zygote Early Four-cell

two-cell

Eight-cell

CTCF OBOX5  OBOX6 SPIC

NANOG

expression networks. Therefore, we devel-
oped scNanoATAC-seq2, a single-cell assay for
transposase-accessible chromatin using long-
read sequencing that can accurately depict the
chromatin state of repetitive elements usually
missed by the short-read ATAC-seq.

RESULTS: We utilized scNanoATAC-seq2 to ana-
lyze the chromatin accessibility landscape across
all key stages of mouse preimplantation devel-
opment. We systematically identified TFs that
are potentially important for each stage and
lineage of preimplantation embryos based on
their downstream target sites’ chromatin ac-
cessibility features and elucidated their activity
dynamics, including SOX2, OCT4, and KLF?2 for
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Gene regulatory landscape of mouse preimplantation development. Single-cell chromatin accessibility
landscape of mouse embryos from zygote to blastula identified TFs potentially controlling key biological
events, such as ZGA and lineage segregation between embryonic (EPI) and extraembryonic cells (TE and PE).
Regulatory dynamics of imprinted X chromosome inactivation and reactivation were characterized,
including a shift of allele-specific chromatin accessibility between the Xist and Tsix domains.
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epiblast (EPI); GATA6, SOX17, and HNF1B for
primitive endoderm (PE); and TEAD4, GATA3,
and CDX2 for trophectoderm (TE).

We delineated the chromatin states of pa-
ternal and maternal X chromosomes in female
embryos during their imprinted inactivation
and reactivation. Examining two opposing reg-
ulators of X chromosome inactivation (XCI), the
Xist and T’siz domains, we uncovered a notable
shift of allele-specific chromatin accessibility
between them. The paternal-specific chroma-
tin accessibility of the Xzst domain is primarily
associated with the imprinted XCI (iXCI) from
zygote to eight-cell stage. Subsequently, during
lineage segregation into inner cell mass (ICM)
and early TE, the paternal-specific feature of
the Xist domain diminishes, whereas the Tsix do-
main exhibits a moderate increase in maternal-
specific feature. In the extraembryonic lineages
(TE and PE), iXCI is maintained and only asso-
ciated with the strong maternal-specific chroma-
tin accessibility of the Tsiz domain. By contrast,
in the EPI, both the Xist and Tsix domains
transition to allele-balanced chromatin accessi-
bility patterns, coinciding with the erasure of
iXCI in this pluripotent lineage.

Furthermore, we characterized chromatin
states of repetitive elements at individual copy
resolution. More than 100 copies of full-length
long interspersed nuclear element-1 (LINEI)
elements are activated at two-cell stage, poten-
tially allowing their genomic transposition. Dur-
ing ZGA, activated copies from major repetitive
element families, such as LINE1 and endoge-
nous retrovirus-L (ERVL), exhibit clear positive
correlations between their proximity to the
nearest promoter and the degree of transcrip-
tional activation of the corresponding target
gene. This suggests their cis-regulatory func-
tion, particularly for murine ERVL, in regulating
the ZGA-specific expression of protein-coding
genes, such as SpI10, Zscan4c, and Tcsto3.

CONCLUSION: Our results suggest that the syn-
chronized activities of critical TFs are potentially
responsible for the wavelike gene expression
patterns during preimplantation development.
These patterns likely underpin key events, such
as ZGA, lineage segregation between embryonic
and extraembryonic cells, the initiation of pluri-
potency in ICM, the establishment of multi-
potency in TE, and the maintenance of iXCI in
extraembryonic lineages and its erasure in the
pluripotent EPI in female embryos.
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Canine genome-wide association study identifies
DENNDIB as an obesity gene in dogs and humans

Natalie J. Wallist, Alyce McClellant, Alexander Morseburg, Katherine A. Kentistou, Aqfan Jamaluddin,
Georgina K. C. Dowsett, Ellen Schofield, Anna Morros-Nuevo, Sadia Saeed, Brian Y. H. Lam,

Natasha T. Sumanasekera, Justine Chan, Sambhavi S. Kumar, Rey M. Zhang, Jodie F. Wainwright,
Marie Dittmann, Gabriella Lakatos, Kara Rainbow, David Withers, Rebecca Bounds, Marcella Ma,
Alexander J. German, Jane Ladlow, David Sargan, Philippe Froguel, I. Sadaf Faroogi, Ken K. Ong,
Giles S. H. Yeo, John A. Tadross, John R. B. Perry, Caroline M. Gorvin, Eleanor Raffan*

INTRODUCTION: Obesity is a heritable disease,
but its genetic basis is incompletely understood,
and moving from common genetic associations
to mechanistic insight has proven challenging,.
Hypothalamic leptin-melanocortin signaling is
a critical nexus of the central control of energy
balance that integrates peripheral signals of
energy status, translating them into altera-
tions in energy expenditure and eating behav-
ior to maintain energy homeostasis.

RATIONALE: Dogs are a compelling model of
obesity because they develop obesity subject to
environmental influences similar to those that
influence obesity in humans and because pop-
ulation bottlenecks at breed formation render
trait mapping highly tractable. We studied an
obesity-prone dog breed, the Labrador re-
triever, and tested whether variants associated

with canine adiposity highlight genes that are
also relevant to human obesity.

RESULTS: In 241 adult pet Labrador retrievers,
we performed a genome-wide association study
(GWAS) for body condition score (BCS), a mea-
sure of canine adiposity. The top association
was intronic within the gene DENN domain
containing 1B (DENNDIB). Each allele of the
lead variant in dogs conferred ~8% higher body
fat. At the syntenic region of the human genome,
there was also a highly significant association
with body mass index (BMI), although with
small effect size (0.011 kg/m? increase per copy
of the risk allele; P = 9.42 x 10~%). Multiple
lines of evidence implicated that DENNDIB is
the most likely causal gene at this locus. Rare,
damaging variants in DENNDIB were also nom-
inally associated with BMI in the UK Biobank
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DENNDIB and other canine obesity genes were also associated with obesity in humans. After (1) ligand
activation of the hypothalamic melanocortin receptor (MC4R), DENND1B (2) binds adaptor protein 2 (AP2) and
RAB35 to initiate (3) clathrin-mediated endocytosis, a process that leads to (4) deactivation of the receptor, providing
a mechanistic link between DENND1B expression and regulation of energy homeostasis. EXWAS, exome-wide
association study; SCOOP, Severe Childhood Onset Obesity Project; SOPP, Severe Obesity in Pakistani Population;

MSH, melanocyte-stimulating hormone.
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study [P = 0.0087; effect size (B) = 0.35 kg/m?],
and a homozygous, damaging variant was im-
plicated as the cause of severe childhood obesity
in a single proband. At each of the four addi-
tional canine loci that met a less stringent sig-
nificance threshold, positional candidate genes
were also associated with human BMI.

DENNDIB has a known role in clathrin-
mediated endocytosis that underlies its associa-
tion with human asthma through the regulation
of T cell receptor function. We hypothesized
that it would affect the activity of receptors in-
volved in energy homeostasis, particularly mela-
nocortin 4 receptor (MC4R). We showed that
DENNDIB is coexpressed with MC4R and other
relevant receptors in single-cell expression data
from both the murine and human hypothalamus.
In cell models, overexpression of DENNDIB in-
creased MC4R internalization after ligand
activation and reduced cyclic adenosine 3',5'-
monophosphate (CAMP) signaling, with the con-
verse effect on DENNDIB knockdown. By con-
trast, there was no such effect on the orexigenic
receptor, growth hormone secretagogue recep-
tor (GHSR).

A canine polygenic risk score (PRS) improved
prediction of BCS and body weight in an inde-
pendent set of Labrador retrievers but had little
or no predictive value in other breeds. Associa-
tion of PRS with food motivation indicated that
genetic risk is in part mediated by greater ap-
petite in dogs. That relationship may underlie
the higher PRS observed in Labradors selected
to be assistance dogs because high food drive
could improve their responsiveness to food used
to positively reinforce desirable behaviors during
training. We also observed that strict owner con-
trol of diet and exercise was influential in prevent-
ing obesity in dogs with high polygenic risk but
not in dogs with low polygenic risk, which were
relatively resistant to becoming overweight.

CONCLUSION: We identified obesity-related genes
in humans by studying the canine model, with
findings relevant to preventative and thera-
peutic interventions in both species. The dis-
covery of DENNDIB as a regulator of MC4R
activity informs our understanding of mela-
nocortin signaling—a critical pathway in hy-
pothalamic regulation of energy homeostasis.
Notably, our findings show that even high poly-
genic risk can be mitigated. These findings
demonstrate the benefits of studying complex
disease in nontraditional animal models, such
as the dog, and have practical implications for
improved management of canine obesity.
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Running a genetic stop sign accelerates oxygen
metabolism and energy production in horses
Gianni M. Castiglione*, Xin Chent, Zhenhua Xut, Nadir H. Dbouk+, Anamika A. Boset, David Carmona-Berrio,

Emiliana E. Chi, Lingli Zhou, Tatiana N. Boronina, Robert N. Cole, Shirley Wu, Abby D. Liu, Thalia D. Liu,
Haining Lu, Ted Kalbfleisch, David Rinker, Antonis Rokas, Kyla Ortved, Elia J. Duh*

INTRODUCTION: Horses are famous examples
of evolutionary novelty, with the fossil record
chronicling their ascent from dog-sized ances-
tors into physiological powerhouses, long before
domestication. In modern thoroughbred race-
horses, mass-adjusted oxygen consumption is
more than double that of elite human athletes,
fueling the voracious energy production de-
mands of equine skeletal muscle. Genomes of
modern and ancient equids have revealed mu-
tations in olfactory receptors, keratins, and
myosin-related genes that are absent from hu-
mans and cows, yet none of these are directly
involved in aerobic metabolism and energy
production. How Equus ancestors met the en-
ergy demands associated with their remark-
able morphological innovations is therefore
unknown.

RATIONALE: To study the molecular underpin-
nings of equine aerobic metabolism, we fo-
cused on a clinically important pathway that
can enhance mitochondrial bioenergetics while
simultaneously mitigating the tissue-damaging
oxidative stress caused by exercise or disease.
The NRF2/KEAPI1 pathway is a major area of

Opal recoding in horses alters protein
phenotypes, enhancing exercise
performance. An extinct ancestor of
Equus evolved an opal stop codon in
KEAPL (UGA; R15X) that is recoded into
cysteine through previously unknown
mRNA and protein mechanisms.

The resulting R15C KEAP1 protein is
more sensitive to electrophiles and
reactive oxygen species (ROS),
enabling increased NRF2 activity.

This accelerates mitochondrial
respiration while decreasing tissue-
damaging oxidative stress.

f
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R15X=R15C via opal recoding

focus in exercise science and clinical transla-
tional efforts, including chronic diseases such
as emphysema. Diminished KEAP1 inhibitory
activity leads to increased NRF2 activity, thereby
enhancing antioxidant production and mito-
chondrial respiration. KEAP1 mutations have
occurred at least twice in evolution: initially to
facilitate the vertebrate transition from aquat-
ic to terrestrial life by protecting against ultra-
violet light-induced oxidative stress, and more
recently during the evolution of birds to coun-
terbalance the oxidative stress imposed by en-
ergetically demanding flapping flight.

RESULTS: We reveal that horses, donkeys, and
zebras (Equus) possess a relic of the ancient
Equidae radiation—a premature stop codon in
KEAP1 (R15X) that evolved in a common Equus
ancestor. Using mass spectrometry, we demon-
strate that this de novo opal stop codon (UGA)
does not truncate the protein and is instead
recoded into a cysteine in horse KEAP1 (C15).
Using biochemistry and structural biology, we
show that opal recoding is facilitated by a set
of Equus-specific mutations at the mRNA and
protein levels that coevolved with R15X, ulti-
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mately enhancing opal recoding relative to
human orthologs. Through cellular assays, we
show that the evolution of R15C KEAP1 in-
creases sensitivity to electrophiles and reactive
oxygen species, leading to increased NRF2 ac-
tivity and lower oxidative stress. Using com-
parative metabolomics of myotubes derived
from thoroughbred quadriceps and CRISPR-
Cas9-generated cell models, we provide evi-
dence that this genetic recoding also accelerates
adenosine 5'-triphosphate (ATP) production-
coupled mitochondrial oxygen consumption
rates. These processes provide an elegant solu-
tion to the dual problem of enhancing aerobic
energy production while mitigating oxidative
stress, likely explaining why R15X/C evolved in
a common Equus ancestor under selection for
improved locomotory bioenergetics.

CONCLUSION: We discovered coordinated bio-
chemical adaptations from the distant past not
captured by the fossil record, illustrating how
recoding of a de novo stop codon can facili-
tate adaptation in vertebrates, a strategy pre-
viously thought restricted to viruses. These
ancient evolutionary innovations can enlight-
en contemporary clinical efforts seeking to
augment NRF2 function and also to promote
read-through of disease-associated premature
stop codons.
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Hedonic eating is controlled by dopamine neurons

that oppose GLP-1R satiety

Zhenggang Zhu, Rong Gong, Vicente Rodriguez, Kathleen T. Quach, Xinyu Chen, Scott M. Sternson*

INTRODUCTION: Hedonic eating is food inges-
tion that is driven by palatability rather than
bodily need. This can lead to overeating, which
in turn may contribute to obesity. Despite the
important link between food palatability and
hedonic eating, the neural mechanisms con-
trolling this process are poorly understood.

RATIONALE: Eating behaviors unfold in three
phases. The seeking, consumption, and satiety
phases initiate, sustain, and terminate feeding,
respectively. These phases are coordinated by
separate but interacting neural circuits that
operate with distinct timing. Although pro-
gress has been made in our understanding of
the neural basis of food seeking and satiety, at-
tempts to define neural circuits for palatabil-
ity control over the consumption phase show
contradictory results.

Ventral tegmental area dopamine (VTAPY)
neurons are a prominent candidate cell type for
promoting palatable food consumption because
they are activated by rewards. However, most
manipulations of dopamine neurons have been

reported to reduce food consumption. To rec-
oncile this discrepancy, we avoided the tem-
porally nonspecific manipulations of previous
studies by manipulating VTAPA neuron activity
only during consumption, just one phase of their
their natural activity pattern.

Another cell type involved in hedonic eating
are glutamate-releasing neurons in a brain region
called the peri-locus ceruleus (periLCY*Y™ neu-
rons). Some of these neurons are inhibited dur-
ing hedonic eating in a manner scaled by food
palatability or hunger state. Although these neu-
rons do not trigger food seeking, their inhibi-
tion during consumption prolongs ongoing
food intake, particularly with palatable foods.
However, the pathway through which these neu-
rons influence food consumption was unknown.

RESULTS: Here, we found that VTAP* neuron
activity was time locked to the duration of food
consumption, and this response was scaled by
food palatability. These effects were also ob-
served when measuring dopamine release in
the nucleus accumbens (NAc), a downstream
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the duration of food consumption and have an important role in hedonic eating.
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target of VTAP neurons. Hunger increased
VTAP? neuron activity during consumption,
whereas a sickness state reduced it. When we
optogenetically boosted VTAP* neuron activity
specifically during consumption, food intake
was prolonged in a manner similar to the effect
of increasing food palatability. Conversely, inhi-
bition of VTAP* neurons reduced consumption.
Highlighting the consumption-specific effect
of VTAPA neurons, activation of these neurons
when mice were not eating did not cause the ani-
mals to approach food or increase food intake.

Moreover, we showed that periLCYELUT?
neurons signal to VTAP* neurons to influence
consumption through an indirect pathway:
periLCY™VT2 neuron axons primarily targeted
VTAYAT neurons, which inhibit VTAP* neurons.

We also found that the antiobesity drug
semaglutide initially reduced the duration
of palatable food consumption, accompanied
by a decrease in VTAP? neuron activity. Opto-
genetic activation of VTAP? neurons partially
counteracted the appetite-lowering effect of
semaglutide for palatable food. Additionally,
as mice lost weight on semaglutide, VTAPA
neuron activity increased, as did palatable food
intake, which could be reversed by inhibiting
VTAP? neurons.

CONCLUSION: Collectively, our experiments show
that VTAP® neurons are engaged throughout
the consumption phase of feeding and play a
pivotal role in hedonic eating. Their influ-
ence is specifically tied to VTAP* neuron ac-
tivity during food consumption, mirroring the
consumption-specific role of periLCY¢"U™? neu-
rons, which are selectively suppressed during
food intake and thus participate in a circuit
configured to disinhibit VTAPA neurons. These
circuit dynamics during palatable food intake
up-regulate dopamine in the NAc, a brain region
that modulates the duration of consumption.
VTAP? neurons are engaged during each of
the three phases of motivated behavior. This
study clarifies the involvement of VTAPA neu-
rons in the consummatory phase of hedonic
food intake. We highlight the critical role of
VTAP? neuron timing to affect eating behav-
ior, where consumption-locked activation pro-
motes food intake but nonspecific activation
either has no effect on feeding (our results) or
reduces it (prior reports). VTAP2 neurons con-
trol the duration of ongoing food consump-
tion, and this mechanism fills a gap in our
understanding of appetite control by palatable
food, which may provide insights into the de-
velopment and treatment of obesity.
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Sulfonyl hydrazides as a general redox-neutral
platform for radical cross-coupling

Jiawei Sun't, Aron Péter't, Jiayan He't, Jet Tsien't, Haoxiang Zhang't, David A. Cagan',
Benjamin P. Vokits?, David S. Peters®, Martins S. Oderinde®, Michael D. Mandler?, Paul Richardson®,
Doris Chen®, Maximilian D. Palkowitz®, Nicholas Raheja', Yu Kawamata', Phil S. Baran'*

Sulfonyl hydrazides are stable and usually crystalline substances that can be accessed in a variety
of ways, including transiently from hydrazones, to achieve a net reductive arylation of carbonyl
compounds. We show their utility as versatile radical precursors, as exemplified with seven C-C
bond-forming, redox-neutral cross-couplings with activated olefins, alkyl halides, redox-active
esters, aryl halides, alkenyl halides, alkynyl halides, and a trifluoromethylating reagent, to forge
C(sp®)-C(sp3), C(sp®)-C(sp?), and C(sp>)-C(sp) bonds. Exogenous redox (chemical, photo/
electrochemical) additives are not necessary because these functional groups serve the dual
role of radical precursor and electron donor. The homogeneous, water-compatible reaction
conditions are operationally simple and contribute to streamlining synthesis and mild

late-stage functionalization.

he use of radical cross-coupling in retro-

synthetic analysis has experienced a ren-

aissance over the past decade (7-4). This

is due to the simple, convergent discon-

nections of challenging C-C bonds lead-
ing back to ever-present functional groups such
as halides, acids, amines, alcohols, and olefins
(Fig. 1A) (4-12). In practice, all of these widely
used radical precursors require some sort of
exogenous redox activation mode. Regardless
of the choice of oxidative or reductive ac-
tivation, this generally requires stoichiometric
chemical additives, catalysts to facilitate photo-
induced electron transfer, or electrochemistry
(5, 8, 13). A simpler means to achieve radical
cross-coupling without the use of exogenous
redox methods would be highly attractive based
on first-principles reasoning, because it would
reduce cost and the complexity of reaction setup.
Alkyl diazenes are a prime candidate for radical
precursors that could achieve such an objective
(14, 15). These species have been invoked since
the late 1930s (16, 17), but their use in organic
synthesis has been sporadic and mainly rele-
gated to 2e -defunctionalization methods such
as the classic Wolff-Kishner reduction and
related reactions (17-21) (Fig. 1B, left). A report
on the use of in situ-derived diazenes from
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sulfonyl hydrazides was reported by Taber in
1993, wherein the radical cyclization of ketone
1 to octahydroindane 2 was achieved (Fig. 1B,
right) (22). Building on this precedent, we won-
dered whether free radicals derived without
redox-initiation from these intermediates could
be enlisted in metal-catalyzed cross-coupling
events. Herein we disclose a general platform
for redox-neutral radical cross-couplings driven
by in situ-derived alkyl diazenes to forge a var-
iety of C-C bonds. Alkyl sulfonyl hydrazides
are easily derived from carbonyl compounds
and alcohols (N-sulfonyl regioisomers can be
used interchangeably); these stable, crystalline
substances can now be used to generate a
variety of useful C(sp®)-C(sp?), C(sp®)-C(sp>),
and C(sp®)-C(sp) linkages in a practical “dump-
and-stir” fashion, obviating the need for any
external redox activation (Fig. 1C).

Figure 2 illustrates the versatility of sulfonyl
hydrazides as redox-neutral coupling partners
in seven valuable C-C bond-forming events.
Each of these methods could warrant their own
separate disclosure to describe their optimiza-
tion and development. For the sake of brevity,
this initial report describes an inaugural scope
for each reaction. A discussion of their optimi-
zation can be found in the supplementary ma-
terials. The simplest of radical couplings, namely
Giese-type additions to unsaturated species, was
demonstrated first (Fig. 2A, top). For this re-
action, 4.4/-di-tert-butyl-2,2"-dipyridyl (dtbbpy)
was used in concert with Ni(dme)Cl, along
with Et;N (3.0 equiv.) to furnish five represen-
tative adducts in 28 to 65% yield (3 to 7).
Notably, the yield of this reaction was consid-
erably reduced in the absence of a Ni/L sys-
tem. Next, the direct formation of C(sp®»-C(sp?)
linkages was explored using both alkyl halides

and alkyl redox-active esters (RAEs) as cou-
pling partners (Fig. 2A, bottom) (23-25). Using
a near-stoichiometric ratio of coupling part-
ners (1.5 equiv. of sulfonyl hydrazide and 1.0
equiv. of alkyl halide or RAE) in the presence
of Ni(dme)Cl,, 2,6-bis(pyrazol-1-yl)pyridine (bpp),
in addition to Et;N (3.0 equiv.) at 60°C in
dimethylformamide (DMF), provided a range
of secondary-secondary (10 to 12, 15, and 16)
and secondary-primary adducts (9, 13, and
14 in good yield. From an operational stand-
point, this reaction represents perhaps the
simplest and least expensive means of forming
saturated C-C bonds (especially for challeng-
ing 2°-2° linkages) (3, 26). A notable aspect of
this coupling approach is that no exogenous
redox chemistry is necessary even though RAEs
and alkyl halides have historically required re-
ductive radical generation (27, 28).

Turning to C(sp’)-C(sp”) and C(sp°)-C(sp) link-
ages, an array of viable coupling partners were
identified to access broad regions of chemical
space (Fig. 2B) (29-34). Alkenyl donors (bromides,
iodides, and triflates), aryl halides (chlorides
and bromides), and alkynyl bromides were all
easily coupled with sulfonyl hydrazides (23 to
29, and 34 to 35; 17 to 22, and 33; 30 t0 32,
respectively), using similar conditions to that
described above with the notable exception
that the distinct—though commercial —dNH,-
bpy ligand often led to higher yields. Unlike
most reductive modes of accomplishing such
transformations, protodehalogenation and/or
homodimerization of the C(sp?)-halide substrate
is greatly suppressed, thereby simplifying pro-
duct isolation. Both the use of C(sp?)-chlorides
and triflates and absence of pyrophoric re-
agents (Negishi and Kumada type) (35-37),
palladium, or redox-focused reaction setups
(photo/electrochemistry) (3) lowers the prac-
tical barrier to widespread application of these
radical cross-couplings.

The aforementioned reactions all rely on Ni
catalysis to facilitate productive C-C bond for-
mation. However, the use of sulfonyl hydrazides
is not limited to Ni, as exemplified in Fig. 2C
with the direct trifluoromethylation of these
species (36 to 42) using Grushin’s commercial
Cu-based reagent (38), Cu(bpy)(CF5); (easily pre-
pared on a gram scale from TMSCF; and Cul).
Unlike the related trifluoromethylation of alkyl
halides or alcohols with the same reagent (39, 40),
no exogenous redox activation is required.

In general, the 3,5-difluorophenylsulfonyl
hydrazides exhibited the optimum reactivity
for secondary cyclic radicals, but in many cases,
such as primary derived radicals, the simple
tosyl-substituted hydrazide can be used (33 to
35 and 38 to 42). In the case of arylation,
simple tosyl hydrazides performed well (17
to 21). As a general matter, the by-products
resulting from a hydrazide are easily removed
(N, gas and a sulfinate salt) upon aqueous
workup. These reactions are ideal for parallel
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A Common precursors for radical cross couplings

Feedstock chemicals

No cross-coupling has been reported.
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R R R Alkyl halide NHPI ester Carboxylic acid Katritzky salt Alcohol derivatives MHAT
Reactivity mode: Reductive Reductive Oxidative Reductive Oxidative Reductive
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Indication of radical intermediacy (ref. 22)
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[isolated or in situ]
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ArSO,NHNH, NHSO,Ar NH2 Ligand I
. (o] . OH then NaBH, . NH . N_ Base H
‘ A\r or ,j/ or—» or f AT SO,Ar .
Seo- ‘eo- Mitsunobu beo- ‘eo- A
talline] [no exogenous .
feedstock [orys r
[ ! [bench stable] redox] '

[“dump and stir”]

SO
~

L ~ - L ~ -
~ 7 Cu(bpy)(CF3)s ~

sp-sp coupling

sp3-sp? couplings

R! P R
5 . . z
R r r
with H with H with
RAE or AIkBr/I *~ 7 (Het)ArCI/Br/OTf e’ alkynylBr
R' Giese reaction
CF3 o X R? o EWG
with ' with ' with

L
vinylBr/I/OTf “ &7 activated alkenes

Fig. 1. Background and reaction development. (A) Common radical cross-coupling precursors. (B) Alkyl diazenes as potential leads for redox-neutral cross-
coupling. (C) Realization of general redox-neutral cross-couplings using sulfonyl hydrazide precursors.

screening workflows because they are homo-
geneous and can be conducted on a very small
scale in contrast to redox-based heterogeneous
conditions, which create technical challenges
for miniaturization. As discussed below, they
can also be scaled up with ease as a result of
their homogeneity. Explorations thus far have
revealed most 2°-cyclic sulfonyl hydrazides to
be bench-stable substances, particularly in the
case of tosyl hydrazides. 2°-acyclic and 1°-tosyl
hydrazides obtained after hydrazone reduction
should be used shortly after preparation, where-
as 1° hydrazides prepared through Mitsunobu
(different NSO,Ar regioisomer, Fig. 2B, box)
are more stable (several days on a benchtop). A
user guide based on current data is provided
in the supplementary materials.

In situ sulfonyl hydrazide generation

From an operational perspective it may be de-
sirable to proceed directly from a hydrazone to
obtain a coupled product without isolation of the
corresponding sulfonyl hydrazide, analogous
to the widely used Barluenga coupling (41-43).
In that reaction, a sulfonyl hydrazone is simply
combined with a C(sp®)-boronic acid to deliver
useful C(sp®)-C(sp®) linkages by way of a diazo-
intermediate. After extensive exploration, a
simple silane (PhSiMe,H, ~2 USD per gram)
could be added in situ to the standard re-
action conditions, thereby enabling the equiv-
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alent of a reductive Barluenga coupling using
more convenient (hetero)aryl halides, as illus-
trated in Fig. 3. Dozens of substrates were eval-
uated across a range of different hydrazones
and aryl halides revealing the versatility of this
method. In terms of the experimental protocol,
it is operationally trivial to conduct because
sulfonyl hydrazone formation is quantitative
and isolation is optional. In cases where a
hydrazone is used without purification, resi-
dual quantities of MeOH present after evap-
oration do not have a major effect on the
ensuing coupling. With the hydrazone in hand
(isolated or used after evaporation of MeOH),
the remaining materials are added [ArX, Ni
(dme)Cl,, dNH,-bpy], followed by DMF under
N, or Ar (pre-stirring until homogenous), fol-
lowed by base and silane. The reaction is heated
to 75°C overnight (16 to 18 hours), followed by
standard aqueous workup. In terms of the aryl
electrophile scope, the trend is what one would
expect based on known rates of Ni-oxidative ad-
dition into such systems. Using a highly electron-
rich ligand (ANH,-bpy) and elevated temperature
helps to extend this scope even further. Thus,
electron-rich aryl bromides are competent (43
and 44), but electron-poor aryl bromides work
better (45 and 47). Electron-deficient aryl
chlorides are suitable coupling partners (17,
18, 54, 58, 60, and 63 to 67) as are aryl tri-
flates (18). A wide variety of functional groups

are tolerated, including valuable handles for
further functionalization: Bpin (46), polyhalo-
genated arenes (50), free glutarimide NH (76),
free amino pyridine (55), aryl fluorides (54),
SMe (59), tetrazole (48), benzylic CHF, groups
(68 to 72, 74, and '79), nitriles (45, 52, and 57),
esters (65 to 71, '73, '74, and 77 to '79), amides
(51), ortho substituents (52), and challenging
heterocycles such as pyrimidines (58 to 60),
pyrazines (65 to 67), indazoles (61), and
azaindole (62).

The array of suitable carbonyl coupling part-
ners appears to be vast. Cyclic ketones with
ring sizes ranging from 4 to 6 are easily used.
Adjacent heteroatoms are tolerated (63,
71, 72, 78, and 79) and good to high di-
astereomeric ratio is observed with ketones
bearing preexisting stereocenters (68 and 69).
Complex bridged ketones also provide useful
quantities of product in high diastereoselec-
tivity (67, '70, '71, 73, and '74). Finally, alde-
hydes can be enlisted (77 to '79).

The ability to use simple carbonyl groups in
complex cross-couplings as outlined above
opens an opportunity for retrosynthetic plan-
ning because carbonyl groups are often used to
generate carbon skeletons. Traditionally, the
go-to strategy for such systems involves a se-
quence of vinyl-triflate or vinyl-boronic acid
synthesis, Suzuki coupling, and hydrogenation,
which, aside from being laborious (for example
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A Giese reaction and alkylation of sulfonyl hydrazides

o
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R' DMF, 60 °C
F X=Brorl 10-12h

(1.0 equiv.)

8 . [1 step from ketone]
(1.5 equiv.)
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17, 67% (X = Cly*# 18, 65% (X = Cly*# 19, 32% (X = Br)*

23, 54% (X = Br) 45% (X 25, 23% (X = Br) 26, 48% (X =

TIPS cHex

30, 40% 31, 29% 32, 38% [via Mitsunobu from alcohol]

9, 65% 10, 51% 1,47% 12, 35% 13,61% (X = 14, 33% (X = Br)t 15,49% (X = 16, 64% (X =1)
55% (X = Eu-:|T
B Arylation, alkenylation, and alkynylation of sulfonyl hydrazides
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’j/ 7 ) R* EtsN (3.0 equiv.) . r*%/R ° =
R - ' '
X)\( or - - L or . R3 or i
5 DMF, 60 °C or 75 °C - ~ -
R 10-16 h
X =ClorBr X =Br, |, or OTf
(1.0 equiv.) (1.5 equiv.) (1.5 equiv.) (1.5 equiv.) ["dump and stir"] C(sp®)—C(sp?) or C(sp®)—C(sp) coupled products

20, 56% (X = Br)"”

c/ & & O OO, A Qe

22, 85% (X = Bn)SH
Me Me
U

21,63% (X = Br

OMOM

27, 65% (X 28, 48% (X = OTf) 29, 53% (X = I)*

33, 83% (X = Br)$ 34, 73% (X = 1) 35, 35% (X = I}#

. N_ . .S F = . CF;
S Y
8 H ol S

(1.0 equiv.) F [from ketones]

(1.0 equiv.)
or or
DMA, 40 °C
ik 6h
o N{ 2 CF,
R ~ Ts [bench stable reagent from TMSCF;] R ~
(1.0 equiv.) ["dump and stir"] [from 1° alcohols]

C Trifluoromethylation of ketones and primary alcohols via sulfonyl hydrazides

CF3 €2 eo CF, CF3
o
TsN <’
o MeO Br

36, 43% 37, 42% 38,57% 39, 52%
TcF CF 0">"cr,
CbzN
40, 52% a1, 49% 42,51%

Fig. 2. Seven classes of redox-neutral reactions with sulfonyl hydrazides.
(A) Giese addition and cross-coupling with alkyl halides and RAEs. (B) Cross-coupling
with C(sp?) and C(sp) halides to create aryl-, alkenyl-, and alkynyl-alky! linkages.

(C) Trifluoromethylation with Grushin's reagent. *The corresponding Ts hydrazide was
used instead of the depicted difluorinated. ™Nal (2.0 equiv.) was added. *Pempidine
was used as the base instead of Et3N. Sdtbbpy was used as ligand instead of dNH,-bpy.

91.0 equiv. of ArBr was used instead of 1.5 equiv. “The compound is accessed from
the linear Ts hydrazide. EWG, electron withdrawing group; dme, ethylene glycol
dimethyl ether; dtbbpy, 4,4'-di-tert-butyl-2,2"-dipyridyl; DMF, dimethylformamide;
dNH,-bpy, 4,4'-diamino-2,2"-bipyridyl; DMA, dimethylacetamide; Ts, tosyl; Cbz,
carbobenzyloxyl; Boc, tert-butyloxycarbonyl; MOM, methoxymethyl; TIPS, triisopropy!
silyl; cHex, cyclohexyl.

furan 72) and nonchemoselective, is impossible
to employ on non-enolizable systems such as 70.
Another popular approach is to convert a car-
bonyl group into a halide and employ it in con-
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ventional or reductive cross-coupling approaches;
however, this multistep process suffers from
limitations in the halogenation of certain al-
cohols. In some cases, it is desirable to use a

sulfonyl hydrazide directly rather than cou-
pling a hydrazone directly (see supplementary
materials for more details). Unlike the direct
arylation of sulfonyl hydrazides presented in
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Ni-catalyzed cross-coupling of sulfonyl hydrazones with (hetero)aryl halides via in situ generated hydrazides
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Fig. 3. A one-pot protocol for sulfonyl hydrazide couplings with aryl halides. The reaction proceeds through in situ reduction of hydrazones with an inexpensive
silane. *Nuclear magnetic resonance (NMR) yield against 1,3,5-trimethoxybenzene or mesitylene as internal standard. TNaCl (1.0 equiv.) was added.

Fig. 2B, there are more by-products observed
using hydrazones with in situ reduction stemming
from protodehalogenation and products result-
ing from reaction with reduced sulfinate (see
supplementary materials for more details). The
arylation method of Fig. 3 is thus better for rapid
screening campaigns in medicinal chemistry,
where isolated yields are less important.

Late-stage and scale-up applications

Redox-neutral radical cross-couplings of alkyl
sulfonyl hydrazides can considerably simplify
access to numerous useful building blocks. For
instance, hydroxyethylated pyridine 80 (Fig. 4A)
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is commerecially available yet prohibitively ex-
pensive (~784 USD per gram, ChemScene LLC).
Retrosynthetically, multiple options can be en-
visaged using a variety of hydroxyethyl surro-
gates such as ethylene oxide (82), f-hydroxy
acid/RAE (83), Katritzky salt 84, boronic acid
donor 85, stannane 86, and chloroethanol 87
(44, 45). Most of these building blocks are either
unsuitable, unstable (83), inaccessible (85 and
86), or inconvenient to use (82). By contrast,
commercial hydrazine 88 (0.2 USD per gram)
and chloropyridine 81 (4 to 5 USD per gram)
can be combined in a single-step process [chlo-
ropyridine 81, TsCl, Ni(dme)Cl,, and dNH,-bpy

are dissolved in DMF under Ar, then hydrazine
88 and Et;N are added, stirred at room temper-
ature for 30 min, followed by heating to 75°C for
6 hours] in 68% yield. The generally high chemo-
selectivity encountered in radical cross-couplings
can be further leveraged for mild late-stage mod-
ifications such as in the case of the direct func-
tionalization of ticagrelor (Fig. 4B). Without
any protecting group chemistry, 89 can be
subjected to Mitsunobu with TsNHNH, to
install the sulfonyl hydrazide followed im-
mediately (after aqueous workup) by radical
cross-coupling to deliver arylated adduct 90
in 33% yield over two steps (along with ~20%
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A Case study: simplifying hydroxyethylation of (hetero)arenes

B Late-stage and gram-scale experiments
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Fig. 4. Late-stage applications and mechanistic considerations. (A) Seemingly
trivial hydroxyethylation of an aryl chloride can now be accomplished with ease.

(B) Application to late-stage functionalization and gram-:
study to compare simplified redox-neutral cross-coupling with conventional
photoinduced electron transfer-based decarboxylative coupling. (D) Current

mechanistic working hypothesis and supporting studies.

2,2"-bipyridine. Lowdin spin density of 105 is shown, demonstrating radical

recovered tosyl hydrazide). It is difficult to
conceive of a more direct and simple way to
achieve such a transformation.

The utility of these reactions will likely ex-
tend beyond a medicinal chemistry setting, be-
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scale examples. (C) A case

N-N ligand = 4,4'-diamino-
photochemical conditions.

cause their simple and homogenous nature
bodes well for large-scale applications. To ex-
emplify this, gram-scale preparation of sub-
strates 17 and 92 was performed by treating
sulfonyl hydrazide 8 with aryl bromide 93

character at the nickel, nitrogen, and carbon atoms; hydrogen atoms bound to

carbon are omitted for clarity. Optimized geometries found at the (U)TPSSh-D3(BJ)/
def2-TZVPP (Ni), def2-TZVP,
electronic energies computed with both (U)B3LYP-D3(BJ) and (U)MO6-D3(0) with
def2-QZVPP (Ni), def2-TZVPP,
materials for more details. *94b was used instead of 94a under the given

ma-def2-TZVP (Cl) CPCM(DMF) level of theory;

ma-def2-TZVPP (Cl) CPCM(DMF). See supplementary

and RAE 91, respectively, in good yields. The
clear advantages of eliminating exogenous
redox in radical cross-coupling reach beyond
reaction simplicity (no need for e-chem, photo-
chem setups, or expensive sensitizers), thus
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facilitating scale-up. For instance, as illus-
trated in Fig. 4C, 1,4-trans-substituted cyclo-
hexanes 96 and 100 can be easily accessed
in “dump-and-stir” homogenous reactions using
sulfonyl hydrazide donor 94a with arenes 95
and 99, respectively (reactions run one time
with no optimization). In the former case, a
flow photochemical scaleup is required for de-
carboxylative coupling, and in the latter case,
the reaction did not proceed in DMF [unless
the solvent was changed to dimethyl sulfoxide
(DMSO; unscalable), where 34% yield was
observed], necessitating a laborious work-
around (46).

Although the Ni-catalyst loading reported in
this disclosure is usually 20 mol%, no deliberate
effort was made to optimize yields when using
reduced catalyst loadings (see supplementary
materials, catalyst loadings as low as 1 mol%
are viable). In the case of gram-scale coupling
of 8 and 93, a 10 mol% loading was used (de-
livering 17 in 80% yield), further suggesting
that lower loadings of Ni are possible.

The seven reaction classes disclosed in this
report can each be individually studied to un-
earth their guiding mechanistic principles. As
such, a definitive mechanism for redox-neutral
radical cross-coupling using sulfonyl hydrazides
is beyond the scope of this work. Neverthe-
less, we provide a general mechanistic picture
for the critical Ni-catalyzed, radical-forming
step that initializes the reactions, then apply
it to C(sp®)-C(sp®) bond formation as a model
example (Fig. 4D, left). As is well-precedented
in the literature (47-49), a mild base undoubted-
ly liberates a diazene species 103 from the
starting hydrazide 102 (which can be gener-
ated in situ from hydrazone 101 by PhSiMe,H
reduction). Subsequently, carbon radical gen-
eration from 102 mediated by Ni is proposed.
This hypothesis is supported by density func-
tional theory (DFT) analysis conducted in ORCA
6 (50) (full details in the supplementary mate-
rials), revealing a pathway wherein the diazene
associates to the high-spin Ni(II) complex 104
in a Z configuration. Abstraction of the proton
by the base is nearly thermoneutral, affording
intermediate 105. Lowdin orbital population,
and spin density analysis on 105 reveals rad-
ical character on both the Ni-bound nitrogen
atom and N-bound carbon atom, priming the
complex for thermally assisted homolysis by
N, extrusion (51) (Fig. 4D, left, and fig. S15).
Indeed, DFT analysis finds that liberation of
dinitrogen and formation of the reduced Ni(I)
species 106 and alkyl radical 107 requires
only a modest barrier (AG* ~5 keal mol ™) and
is thermodynamically downhill by ~25 kcal
mol ™ (table S12 and fig. S16). Subsequent for-
mation of the square-planar Ni(I) complex
108 is well-established in the literature by for-
mal oxidative addition of low-valent Ni(I) into
(Het)Ar-X bonds (from 106 to 110) and com-
proportionation (25, 52). Radical capture by
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108 has been shown to deliver high-valent Ni
complexes such as 109 (53). Reductive elimina-
tion from 109 delivers the C(sp?)-C(sp®)-coupled
product and returns low-valent species 106,
which in turn restarts the cycle.

Various experiments in support of radical in-
termediacy are presented (Fig. 4D, right). In
accordance with findings in the literature,
TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl)
trapped the radical generated from a hydra-
zide even in the absence of a Ni-catalyst (8 to
111), demonstrating a radical background path-
way. A productive radical pathway can be seen
with cyclopropane opening/coupling of 112
with 93 to deliver linear adduct 113, and with
5-exo-trig cyclization/coupling of 114 with 93
to afford cyclopentyl substrate 115 (54). In the
latter case, the 5-exo-trig cyclization was only
partially complete before coupling resulting in
a mixture of cyclized product 115 and its linear
counterpart (not shown) in a 1:1.4 ratio, re-
spectively. The Giese reaction depicted in Fig.
2A to access 3 from 8 was facilitated with
added Ni but in the absence of catalyst, it was
also observed in lower yield (46 versus 23%,
respectively).

Conclusions

Radical cross-coupling chemistry has had a
profound impact on the practice of organic syn-
thesis and has enabled simplification of rad-
ical retrosynthetic disconnections that did not
exist a decade ago. Despite great strides in this
field, the use of exogenous catalysts, stoichio-
metric reductants/oxidants, and photo/electro-
chemical setups diminishes its practical utility
compared with conventional, redox-neutral
C-Cbond-forming cross-couplings such as the
Suzuki reaction. The fundamental advance of
this disclosure is the discovery that sulfonyl hy-
drazides can serve not only as versatile radical
progenitors, but also act as their own electron
donors, driven by the loss of N,, to facilitate a
metal-mediated catalytic cycle thereby obviat-
ing the need for external redox stimuli. From a
practical perspective, sulfonyl hydrazides are
generally stable, crystalline substances that do
not need to be purified by chromatography and
can often be used in crude form. Notably, these
groups are not very polar and are well-behaved
on silica gel (round spots on thin-layer chroma-
tography; see supplementary materials for
pictures). Catalysis is demonstrated with Ni,
but the same principle should be applicable to
many other organometallic systems. In fact, pre-
liminary experiments suggest that other metals
such as Cu, Co, Pd, and Fe, can provide varying
levels of product in C(sp?)-C(sp®) coupling (see
supplementary materials). Because easily pre-
pared sulfonyl hydrazides divorce redox chem-
istry from radical cross-couplings, reaction
setup is greatly simplified (arguably as sim-
ple as a classic Suzuki coupling). It is likely that
these C-C bond forming reactions will find

application in nearly all branches of chemical
synthesis.
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HAPTICS

Full freedom-of-motion actuators as advanced

haptic interfaces

Kyoung-Ho Ha't, Jaeyoung Yoo+, Shupeng Li*t, Yuxuan Mao®#, Shengwei Xu®,
Hongyuan Qi3, Hanbing Wu®, Chengye Fan®, Hanyin Yuan®, Jin-Tae Kim"%, Matthew T. Flavin®®,
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The sense of touch conveys critical environmental information, facilitating object recognition,
manipulation, and social interaction, and can be engineered through haptic actuators that stimulate
cutaneous receptors. An unfulfilled challenge lies in haptic interface technologies that can engage

all the various mechanoreceptors in a programmable, spatiotemporal fashion across large areas

of the body. Here, we introduce a small-scale actuator technology that can impart omnidirectional,
superimposable, dynamic forces to the surface of skin, as the basis for stimulating individual classes of
mechanoreceptors or selected combinations of them. High-bit haptic information transfer and realistic
virtual tactile sensations are possible, as illustrated through human subject perception studies in
extended reality applications that include advanced hand navigation, realistic texture reproduction,

and sensory substitution for music perception.

he sense of touch conveys essential infor-

mation about the physical environment,

with critical roles in identifying and ma-

nipulating objects and in strengthening

social interactions. Sensations arise from
mechanical stimulation of cutaneous receptors
that consist of specialized dendritic endings of
afferent nerve fibers. These mechanoreceptors
exist in complex distributions deep into the
skin and across all regions of the body (7). Re-
cent research focuses on the development of en-
gineered systems that are capable of creating
tactile sensations through these mechanisms
in a fast, programmable manner with devices
in thin, flexible formats that can interface with
small or large areas of the skin, not limited to
the fingertips (2-5). When combined with well-
developed systems for visual and auditory
inputs, such technologies can qualitatively en-
hance immersive experiences in extended reality

SCIENCE science.org

(XR) environments, for applications that
span entertainment, social media, medicine,
and physical rehabilitation (6, 7). The integra-
tion of sensors with these actuators offers the
potential to provide closed-loop feedback for
teleoperations (8, 9) and remote health care
(10). Specific opportunities include applica-
tions for amputees and those with visual or
hearing impairments, where engagement with
the somatosensory system can substitute and
augment diminished natural capabilities for
sensing (11, 12).

The effectiveness of these systems depends
on accurately reproducing the complex spatio-
temporal patterns of activation of mechano-
receptors during the broad range of mechanical
deformations that result from the natural pro-
cesses of touch. Each of the four classes of
mechanoreceptors that innervate various re-
gions of the skin (13) responds to forces with

specific combinations of directionality, mag-
nitude, and frequency (Fig. 1A) (14-16). These
receptors trigger action potentials with differ-
ent timing responses to mechanical stimuli
based on their rates of adaptation. The resulting
pulses pass through sensory neurons to the
brain to create distinct perceptions (17, 18).
Some schemes aim to generate programmable
multidirectional forces on the skin by strate-
gically arranging multiple types of actuators, in-
cluding those based on electromagnetic motors
(19-21), pneumatic systems (22, 23), shape-
memory alloys (24, 25), and electrostatic as-
semblies (26). These approaches, however, have
characteristics that are not ideally suited for
immersive XR experiences owing to some com-
bination of disadvantages in their relatively
large sizes and masses, limited options in at-
tachment locations, difficulty in distributing
into programmable arrays, challenges in balanc-
ing requirements in forces and displacement
distances, inability to achieve superimposable
modes of actuation, and constraints in operating
speeds and frequencies (table S1).
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Fig. 1. Multisensory haptic interfaces with a full FOM actuator. (A) Various
modes of mechanical stimuli and corresponding strain fields simulated for human
skin. Diagram on the right shows the four main mechanoreceptors in the skin
and their responses to distinct mechanical stimuli. (B) Disassembled view of the
FOM actuator, with an IMU to enhance control methodologies. The inset shows
an assembly of three coils into the nested tri-coil assembly. (C) Operating
principles of the FOM actuator, illustrating the magnetic fields produced by
current passing through the coils and the corresponding electromagnetic forces

Freedom-of-motion actuators

Here, we introduce a wireless, real-time haptic
interface with full freedom of motion in gen-
erating programmable deformations at the
surface of the skin. This engineering capability
can reproduce the span of displacements and
forces, both in magnitude and direction, nec-
essary to engage all receptors in the skin in a
targeted manner. Each actuator uses a collec-
tion of individually addressable wire coils to
generate magnetic fields with user-defined di-
rections and magnitudes. Lorentz forces pro-
duced by interaction with one or more fixed

1384 28 MARCH 2025 « VOL 387 ISSUE 6741

Skln stretch

Vibration

Torsion

Low-frequency

e L L

. 1
Meissner corpuscle |
1
1
|

Merkel cells

et
_ High-frequency == o

s
Pacinian corpuscle _-~"Ruffini ending

Thermoformed |
structure

Shear-x + Normal-z

Visual & Auditory
Feedback

magnets that interface to the skin serve as the
basis for operation. Figure 1A illustrates nor-
mal, shear, torsional, and vibrational stimuli
that can be produced using this approach,
through corresponding calculations of dis-
tributions of strain across the surface of the
skin and into its depth. Normal forces stimulate
three types of mechanoreceptors under spe-
cific conditions: Merkel cells respond to static
forces with a small threshold, while Meissner
and Pacinian corpuscles respond to low- and
high-frequency vibrations, respectively. Stretch-
ing of the skin induced by shear or torsional
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on the magnetic end effector. Simulated distributions of strain and their
time-dependent propagation on and in the skin. (D) Photograph of the FOM
actuators mounted on the fingertips, with a wireless control unit and battery in a
wrist band. (E) Photograph of an FOM actuator mounted on the dorsal hand.
(F) Photograph of a skin-integrated FOM actuator on a fingertip facilitated

by a conformable thermoforming interface and a transparent strap. (G) State
diagram that illustrates the use of wireless, battery-powered FOM actuator

with integrated IMU in an XR environment.

motions activates Ruffini endings (74). The su-
perposition of forces generated with a single
actuator unit, which we refer to as a freedom-
of-motion (FOM) actuator, can address a phys-
iologically relevant range of magnitudes and
time dynamics to engage each of these mech-
anoreceptors individually or in combination.
Figure 1B shows some details of the simplest
form of actuator that uses these design prin-
ciples, together with a sensor that enables ad-
vanced mechanisms for control. Two rectangular
solenoid coils of different dimensions enable
one (shear-x) to be inserted orthogonally into
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the other (shear-y). Yet another coil, a short
round solenoid (normal-z), inserts into the
shear-x coil, resulting in a nested tri-coil as-
sembly. A solid lubricating film serves as a low-
friction interface that laminates beneath these
coils, secured by a structure with supporting legs
that can be customized in shape and materials
on the basis of requirements for interfacing
the FOM actuator with various regions of the
skin. The end effector consists of a rectangular
neodymium magnet positioned beneath the
coils with a small air gap in between, coupled
to the epidermis using a thin, compliant ad-
hesive. An arm structure extends from the mag-
net in four orthogonal horizontal directions to

Fig. 2. Design strategies and
characteristics of multimodal
actuators by experiment and
simulation. (A) Dimensional para-
metric analysis of the shear coil on

ensure pure shear motions upon application
of suitable currents through the shear-x and
shear-y coils, by inhibiting out-of-plane torsional
rotations (fig. S1). An inertial measurement unit
(IMU) placed above the coils senses the egocen-
tric coordinates and motion of the specific body
part, as a reference for application of directional
adaptive haptic stimuli.

Figure 1C illustrates the magnetic fields gen-
erated by passing current through the different
coils, the resulting movements of the magnet,
and the corresponding distributions of strains
and propagation of them in the skin, for rep-
resentative modes of mechanical stimulus.
The normal-z coil can induce forces in the

out-of-plane direction (relative to the surface
of the skin), whereas the shear-x and shear-y
coils can generate tangential forces in the two
in-plane directions. Simultaneously operat-
ing these coils yields a sum of the individual
orthogonal force vectors, thereby enabling omni-
directional forms of programmable actua-
tion. Referring to the skin deformations in
Fig. 1, A and C, normal force induces compres-
sive strain deep within the skin rather than
spreading laterally. Conversely, shear forces
cause shallow, widespread deformations, with
compressive strain in the forward direction and
tensile strain in the rear. Vibrational stimuli,
achieved by applying alternating current to

o
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the coils, produce waves of propagation into
the depth and along the surface of the skin,
with both longitudinal and shear content and
varying waveforms depending on the direc-
tion of the vibrations.

The FOM actuator and sensor assembly, each
equipped with a suitable mounting framework,
can be positioned on nearly any body part, with
wireless connectivity through a compact Blue-
tooth low-energy (BLE) electronic system and a
small rechargeable battery (Fig. 1, D and E, and
figs. S2 and S3). The result allows coordinated
wireless operation in an array format or indi-
vidually through a graphical user interface on a
BLE-enabled external device. The photograph
in Fig. 1F provides a magnified side view that
shows a thermoformed soft structure and a
strap to facilitate contact to curved surfaces of
the skin, as a robust but comfortable interface.
Skin-integrated single or multiple FOM actua-
tors with sensors can provide realistic sensa-
tions or haptic information for various XR
applications, referenced to real-time motions
of the human body, in wireless coordination
with portable XR devices, such as smart glasses,
virtual reality headsets, and smartphones
(Fig. 1G).

Design principles and characterization

Optimal designs to allow miniaturization of
these concepts in power-efficient actuators
require careful consideration of the direction
and magnitude of forces and the displace-
ments necessary for reliable human perception.
Figure 2A and fig. S4 present an experimen-
tally validated parametric analytical model
that calculates a nondimensional (normal-
ized) force and power efficiency metric, in-
corporating variables such as applied current,
type of magnet, coil filling factor, and wire
diameters. The analytical model evaluates
the impact of each coil dimension individ-
ually with other parameters held constant
(table S2).

The force generated by the normal-z coil,
used exclusively in standard electromagnetic
actuators (4, 27-29), increases with its outer
diameter and thickness of the coil and de-
creases with its inner diameter (fig. S4). The
power efficiency, however, depends on the coil
dimensions relative to those of the magnet,
with a maximum when the outer radius is
1.4 times the effective radius of the magnet
(R/Ry, = 1.4), while monotonically decreasing
with coil height. In the given coil dimensions
and filling factor, force decreases, while effi-
ciency linearly increases with the square of the
wire diameter (see supplementary text in the
supplementary materials).

Directional shear and torsional forces result
from the shear-x and shear-y coils and their
coordinated operation. As with the normal-z
coil, the performance of these shear coils de-
pends on their dimensions relative to those of
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the magnet (Fig. 2A). The shear force reaches
its peak value when the coil length equals the
magnet length (L/L,, = 1) and monotonically
increases with both the width and height of
the coil. The horizontal dashed lines in Fig. 2A
denote design requirements for generation of
perceivable stress (30) at operating currents
ranging from 100 to 300 mA. The coil efficiency
has an optimum value when the ratios of length
(L/Lyy,), width (W/Wy,), and height (H/H,,,) are
0.93, 1.24, and 1.8, respectively. Additionally,
similar lengths for the coil and magnet (I/L,, =
0.96) prevent unintentional torsional forces
on the magnet during shear operations (fig.
S5). For a wire diameter of 114 um, and an N55
neodymium magnet, with L/L,, ~ 1 and with
values of W and H that facilitate construction
of the nested tri-coil assembly, optimal choices
for the dimensions of the inner and outer
shear coils are L/L,, = 1.13, W/W,, = 1.8, and H/
H,, =109 and L/L,, = 1.14, W/Wy, = 2.22, and
H/H,, = 1.96, respectively. The dimensions of
the normal-z coil, with 79-um-diameter wire,
maximize its size within the available space
constraints of the nested tri-coil assembly,
specifically Dy = 7 mm, Dy, = 3 mm, and H =
0.9 mm (fig. S6). The complete dimensions of an
FOM actuator with these designs are 11.7 mm
by 10.8 mm by 8.4 mm, and its weight are 3.19 g,
including an 8 mm by 5 mm by 3 mm magnet
and a packaging structure. Per simulation es-
timates, the size of the FOM actuator can be
reduced to 5 mm by 5 mm by 3.5 mm while
still generating human-perceivable normal and
shear stress (2 kPa), under the given condi-
tions of commercially available wire (0.079 um
diameter), a neodymium magnet, and opera-
tional currents up to 500 mA.

The operating parameters and the assembly
structure, of course, also influence the dynam-
ics of the system. Specifically, shear and nor-
mal forces linearly increase with the currents
in the coils and nonlinearly decrease with the
gap between coil and magnet (Fig. 2, B and C).
Compared with the vertical distance (gap),
the horizontal center-to-center distance causes
a smaller reduction in forces (fig. S7). The chosen
gap between the outermost coil and the mag-
net is 0.2 mm, as a balance to generate strong
forces while avoiding unwanted contact be-
tween the coil and the magnet.

Time-varying currents create dynamic re-
sponses. For the case of vibrations, the ampli-
tudes decrease with increasing frequency for
motions in both normal and shear directions
owing to a high damping ratio of the system,
as shown in Fig. 2D and fig. S8. Amplitudes
in the shear direction are typically larger than
those in the normal direction, as the gap be-
tween the coil and magnet remains constant
and coil does not interrupt the motion of the
magnet in the shear case (movie S1). The FOM
actuator can reproduce mixed forces, commonly
encountered in practical, realistic scenarios, by

simultaneously engaging multiple coils. For
instance, concurrent operation of the shear
and normal coils generates a mixed shear and
25-Hz vibrational motion of the end effector
(Fig. 2E and movie S2). The simultaneous op-
eration of static shear and vibrations is essential
to reproduce sensation of texture, as described
subsequently (31). The control system, driven
by a 32-kHz high-frequency clock, precisely
regulates the ac voltage with a resolution of
100 us (fig. S9), enabling the FOM actuator to
achieve frequency resolution across all opera-
tional frequencies that exceeds the resolution
of human perception (fig. S10).

Figure 2F presents the threshold currents re-
quired for human perception for various stim-
uli generated by FOM actuators on the dorsal
hand. Tests of normal and shear stimuli, both
static and dynamic (25 and 100 Hz), involve
responses from 10 human subjects. Except for
the static normal stimulus, the average thresh-
old currents for all stimuli are <31 mA. Vibra-
tions at 25 Hz are perceivable with a lower
current than both static stimuli and 100-Hz
vibrations. The corresponding threshold forces,
ranging from 2.5 to 15 mN, are listed in table
S3 and are comparable to the perceptual thresh-
old forces reported in the literature (26, 32).
While the perception threshold sets the mini-
mum operational current, the temperature for
safe operation on the skin defines the upper
limit. The temperature of the actuator depends
on the magnitude of the applied current, the
coil resistance, the operational duration, and
the duty cycle, as shown in Fig. 2, G and H,
and fig. S11.

In an array configuration, the electromag-
netic fields from neighboring actuators may
interact, depending on their magnitudes and
spacing (Fig. 2I and fig. S12). Simulations and
experiments indicate that for spacing of 5 mm
or more, electromagnetic interference is neg-
ligible. Environmental conditions, such as tem-
perature, humidity, sweat secretion, and external
load, do not significantly influence the per-
formance of the actuator (Fig. 2J and figs.
S13 and S14). Skin deformation around the
actuators can affect the vibrations of the mag-
net by altering the dynamic system, caused by
changes in effective skin modulus under de-
formed skin conditions (Fig. 2J). Specifically,
compressive deformations can increase the vi-
brational amplitude through mechanical in-
stabilities that lead to buckling of the skin. In
contrast, tensile deformations can reduce the
vibrational amplitude owing to the tension on
the skin (fig. S15).

An extension of these ideas involves two sets
of planar and normal coils, with the capability
to generate normal, shear, and torsional forces
across an array of four separate magnets (fig.
S16). This design is beneficial in scenarios where
there is a need for inducing three stimuli (nor-
mal, shear, and torsion) at a single point.

science.org SCIENCE



RESEARCH | RESEARCH ARTICLES

B Accuracy c
Force directions 1.N n=10 1.0 100 — —— I o
D=1 b=2 D=3 o\ 2. 8h-N S H . E
Normal Shear Sh-W he T(3.sh-s 08 g 804
<'a'z—‘.> - & = .o
¢ I sh-s ¥ 4. Sh-w =
) P 5. Sh-E 0.6 § 60 R
Frequency variance = g 6.N S
Static Low freq.  High freq. g S {7. Shns 2
_1g 59.N S
Time = {10 Shns = 0 .
= (10. 02 20
Other parameters ‘>3 11. Shwe 3 .
Amplitude Rhythm Locations 12. None
' 0.0 0
/\N\/\/\/\ @ 12 3 45 6 7 8 910 1112 12345678 9101112
Perception Stimulus
D 60 Torsi F i i
5 =N . or?_l.on Torsion Pseudo-torsion = Torsion = Pseudo-torsion
= = Sh (same dir.) Dorsal hand Forearm
£F = Sh (opposite dir.) 100 A
EEw T <ol 1 1 .11
3o N lr T. = .
T8 -, [9)
= Pseudo-torsion g 60 -
gE y 3
" £ 40 |
2
0 20
Fingertip D9S8l Forearm In-plane displ. [nm] 0 EETTEEITTESS 15 15 mm 5 1020 [mmf 10 20
G Stroking Pinching Squeezing H Stroking
5 [TIFom

Fig. 3. Perception from FOM actuators. (A) Physical parameters of
mechanical stimuli that support enhanced perceptual dimensions. (B) Accuracy
in discriminating 12 mechanical stimuli applied by a single FOM transducer

on a fingertip. (C) Variance in the success rate for identifying each stimulus.
(D) Two-point discrimination threshold for normal, shear, and opposite shear
forces on a fingertip, the dorsal hand, and the forearm. (E) lllustration of the
application of torsion and pseudo-torsion on skin with corresponding simulations of
the resulting deformations. (F) Success rate for directional perceptions of torsion

Human perception—haptic information
transfer and encoding daily interactions

The capabilities of the FOM actuator platform
allow not only for the replication of everyday
tactile experiences but also for the transfer of
information through programmed activation
of mechanoreceptors in the skin. A goal is in
identifying the specific nature of a sensory
stimulus, which involves a comprehensive per-
ceptual process that is much more complex and
subtle than simply determining the presence
or absence of a stimulus (33). The direction of
mechanical stimuli is an intuitive physical
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parameter that can extend perceptual dimen-
sionality and enhance information transfer (19),
particularly when paired with other parameters
related to the stimulation, such as frequency,
intensity, rhythm, and location (single or mul-
tiple) (Fig. 3A). The studies reported here in-
volve 12 distinct stimuli, combining direction
and frequency, evaluated on the fingertip. The
experiments include five static forces (normal
and four orthogonal shear directions), vibra-
tions along three axes at frequencies of 10 and
50 Hz, and a control condition with no stim-
ulation. The results of tests with 10 human sub-
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and pseudo-torsion for different contact diameters [d specified in (E)] on the dorsal
hand and forearm. (G) Representations of displacements evaluated by digital image
correlation with a skin phantom and a 3-by-3 FOM actuator array programmed to
encode various mechanical interactions: stroking, pinching, stretching, squeezing,
and tapping. (H) Human perception for the appropriateness of the five different
stimuli generated by FOM and vibrations: 5, appropriate; 4, nearly appropriate; 3,
reminds of appropriateness; 2, confused appropriateness; and 1, unrelated. The
plotted values represent an average of eight results.

jects indicate an ability to identify 96 applied
stimuli with an average success rate of 88%
(Fig. 3B). This corresponds to an information
transfer (IT) value of 2.8 bits, achieved by a
single actuator without relying on variations
in intensity or spatiotemporal patterns (move-
ment illusions) that are commonly used to en-
hance IT in haptic interfaces (34). The result,
in comparison to other haptic interfaces, en-
ables a high IT per actuator with a reduced
dimensionality (fig. S17 and table S4). Reduc-
tions in the required numbers of actuators and
the perceptual dimensions needed to achieve
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a given task improve wearability and energy
efficiency, and they also minimize perceptual
complexity. The variation in success rate for
each stimulus (Fig. 3C) indicates no correlation
with specific parameters; rather, it suggests
considerable individual differences in the abil-
ity to identify stimuli, with individual IT values
ranging from 2.64 to 3.53, as shown in fig. S18.
Certain outliers with low success rates reflect
failures in memory or in associating the sti-

mulus with its correct name. Details on per-
ception of multidirectional forces for various
displacements, body locations, and other pa-
rameters are provided in fig. S19.

Arrays of FOM actuators can also replicate
realistic sensations. Actuation at multiple points
with appropriate spacing and relative timings
can induce unified perceptions influenced by
the concentration and receptive fields of mech-
anoreceptors in specific areas of the human

body (35). The results in Fig. 3D demonstrate
that the two-point discrimination thresholds
(2PDTs) of shear forces in the same direction
are 9.1, 28.8, and 50.3 mm at the fingertip, back-
hand, and forearm, respectively. These values are
slightly larger than those observed for normal
forces in our experiments (6.4, 4, and 5.6 mm,
respectively) and in previous studies (table S5).
This difference may be attributed to the compar-
atively large areas of skin deformation (fig. S20)
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Fig. 4. Hand navigation system and reproduction of realistic textural sensations
enabled by FOM actuators. (A) Photograph of a system for hand navigation based
on a single FOM actuator. The inset photograph displays the corresponding view
from the smart glasses. (B) lllustration of adaptation of the perceptual coordinate
system depending on posture of the hand while grasping various items, enabled
by outputs from the integrated IMU. (C) Data associated with haptic feedback during
navigation to grasp two items: acceleration measured by the IMU, estimated

hand posture on the basis of IMU data, haptic stimulus, and relative position of
the target object from the hand based on data from a depth-sensing camera.
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P, pronated; N, neutral; B, back; F, forward; D, down; U, up; R, right; L, left; A, arrive.
(D) Photograph of tactile engagement with a fabric, accompanied by a schematic
illustration of the dynamics of the fingertip while stroking. (E) Examples of various
textile and metal surfaces with isotropic and anisotropic features of surface
relief and mechanical properties. Scale bars, 2 cm. (F) Vibration frequencies and
static shear forces that create realistic virtual textural sensations, depending on
the surfaces and stroke directions. (G) Photograph of an XR display as a user
experiences the texture of virtual objects. (H) Confusion matrix that illustrates the
ability to differentiate various surfaces on the basis of the haptic stimulus.
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for the case of shear forces and the larger re-
ceptive fields of the corresponding mecha-
noreceptors (13, 36). Opposing shear forces,
which exhibit similar 2PDT values with the same
directional shear, produce circular deformations
of the skin that mediate a torsional perception,
as an additional, distinct perceptual mode (Fig.
3E). Although pseudo-torsion generated by two
opposite shears is mechanically different from
true torsion, the perceptions of torsional direc-
tion relative to diameter are almost identical, as
shown in Fig. 3F. This observation suggests that
nested tri-coil FOM actuators in an array con-
figuration can provide torsional perception.
Arrays of FOM actuators with spacing smaller
than the 2PDT values can reproduce complex
spatiotemporal stimuli, for everyday tactile ex-
periences such as stroking, pinching, stretch-
ing, squeezing, and tapping (Fig. 3G and movie
S3). Experimentally measured deformations
of a skin phantom induced by operation of a
3-by-3 array of actuators demonstrate stimuli
with distinct directions, areas, and timings for
each sensation. The stimuli generated by FOM
actuators produce more-realistic perceptions in
humans than vibrotactile stimuli, which have
been widely used in recent haptic applications
(Fig. 3H and fig. S21). In a perception test where
subjects rated the appropriateness of the stimuli
reproduced by FOM and vibrations on a scale
from 1 (unrelated) to 5 (appropriate), subjects

found FOM stimuli to be more appropriate
than vibrations for all types of stimuli.

Navigating hand positions with a single
FOM actuator

Haptic interfaces can provide navigational or
other inputs to individuals with visual impair-
ments, of interest as a secondary sensory system
without manual encumbrances or interferences
with their primary hearing ability. Direct trans-
fer of directional information with traditional
haptic actuators requires arrays, which increases
the overall size of the system. By contrast, the
multimodal operation of the FOM actuator
and its use with the integrated IMU described
previously avoids this requirement, to provide
effective information with real-time adaptation
to changing body orientation. In a demonstra-
tion, a person wearing smart glasses reaches to
grasp a bottle and a granola bar, guided by an
FOM actuator placed on the dorsal hand (Fig. 4A
and movie S4). A smartphone that shares the
view with the smart glasses recognizes the po-
sitions of the hand and target objects and sends
commands to the FOM actuator. When the vi-
sual data include in-depth information, such
as from a depth-sensing camera or dual camera,
the navigating system can provide more-detailed
guidance (movie S5). The same command gen-
erates different haptic stimuli depending on
the hand position, which serves as a perceptual

reference coordinate. For example, the com-
mand to move the hand upward translates to
positive a-directional haptic stimuli for a neu-
tral hand posture, while it converts to positive
2-directional stimuli for a pronated hand (Fig.
4B). The IMU in the actuator measures gravi-
tational acceleration and determines the hand
posture to issue the appropriate command.
Figure 4C shows the measured acceleration,
determined hand modes, haptic commands,
and target positions during the demonstra-
tion. Movies S4 and S5 show that the individ-
ual successfully locates the bottle and granola
bar using this form of haptic navigation.

Reproducing realistic virtual texture
sensations using an array of FOM actuators

Realistic tactile sensations can represent essen-
tial aspects of an immersive experience in XR.
Responses to surface textures result from com-
plex patterns of deformation of the skin, where
extension, compression, and vibration are key
components (31). Limitations of traditional haptic
actuators in this context follow from their inability
to generate shear forces or torques or to mix these
with normal forces in a fast, dynamic manner.
The FOM actuators can reproduce realistic
texturing sensations on the fingertips when ex-
ploiting information from the IMU on the direc-
tion and speed of motion of the finger. Figure 4D

and fig. S10 illustrate the connection between
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the material properties, morphologies, and me-
chanical characteristics of the finger and the
shear forces and vibrational frequencies that
appear at the surface of the fingertip. Specif-
ically, shear forces at the surface of the skin are
proportional to the product of the friction co-
efficient between the skin and the target ma-
terial and the normal force applied to the finger.
Another key parameter for texture perception is
vibration, with frequency determined by the
spatial frequencies of roughness on the target
surface and the finger and the speed of finger
stroking. Demonstration experiments focus
on reproduction of tactile sensations associ-
ated with six different objects, including those
with both isotropic and anisotropic patterns of
relief as shown in Fig. 4E and characterized in
Fig. 4F and fig. S22.

These object-specific parameters allow pro-
grammable control of an FOM actuator to pro-
duce a virtual sensation in XR (Fig. 4G). On the
basis of virtual vertical and horizontal stroking
patterns, subjects can differentiate these six dif-
ferent surfaces with a 96% success rate (Fig. 4H).

Experiencing music through haptic interfaces

Haptic interfaces, as a substitutional sensory
system, provide an opportunity for individuals
with hearing impairments to experience music;
additional interest lies in enhancing these
experiences for those without impairments
(Fig. 5A). Physical properties of sound waves,
such as frequency and intensity, can be intui-
tively converted into tactile vibrational forces
provided by the FOM actuator platform, through
appropriate range control (37). A challenge
in transposing sounds to haptic sensations is
in reproducing distinct tone quality, which
corresponds to timbre. Despite identical fre-
quencies, sounds from different musical in-
struments have different timbre. The FOM
actuator can produce various quality vibrations
by using directional control, in a way that can-
not be reproduced with conventional actuators.
This capability enables a single FOM actuator
unit to replicate music comprising different
musical instruments.

Figure 5B illustrates the process flow for
converting music into haptic vibrations. The first
step isolates each instrument and vocal compo-
nent using a machine learning-based algorithm,
to allow physical parameters (frequency and in-
tensity) of each sound to be analyzed. The ana-
lyzed audio frequencies, within the audible
range of 10> to 10* Hz, are transposed into the
perceivable vibrotactile frequency range of 1 to
200 Hz for use in haptic interfaces. In the third
step, these frequencies and corresponding in-
tensities convert into time-varying voltage
applied to different coils, and thus vibrational
directions, for different instruments.

An illustration of this scheme involves con-
version of a sample piece of music consisting
of voice, electric guitar, and drums into a haptic
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interface (movie S6). Figure 5C depicts the
extracted frequencies of the vocal, guitar, and
drums, along with the corresponding voltages
applied to the coils. The right panels in Fig. 5C
show the alternating voltages with varying
frequencies at two time intervals on three coils.
Perception tests confirm the ability to feel dis-
tinct tones of vibrations and to recognize a
mixed collection of instruments by haptic in-
terfaces conveyed through a single actuator.

Conclusions

The miniaturized, skin-integrated haptic actu-
ator platforms introduced here are distinguished
by their ability to deliver omnidirectional, su-
perimposable, static and dynamic forces to the
surface of the skin. This operation allows for
programmable stimulation of various cuta-
neous mechanoreceptors, individually or in
combination, as an essential aspect of future
immersive XR experiences. Wireless, real-time
operation, either as single units or as arrays dis-
tributed on desired body parts, yields various
types of perceptible sensations in an efficient
manner. Complete experimental and theoretical
work identifies the physics of multicoil electro-
magnetics, including a validated analytical mod-
el that guides optimized choices in designs for
compact, efficient operation. In comparison to
conventional haptic interfaces, these technolo-
gies enable high-bit haptic information transfer
and virtual tactile sensations with enhanced
realism. Human perception tests and represen-
tative use cases highlight additional features.
The latter include hand navigation for the vi-
sually impaired, textural sensation through mixed
forces, and sensory substitution for music per-
ception, all of which can be achieved with one
or multiple actuators under closed-loop con-
trol by acoustic or motion feedback. Building
on the FOM operation technology introduced
in this work, future efforts may establish routes
for further reducing the dimensions and the
effective modulus of the FOM actuator for high-
density, conformable haptic interfaces (figs.
S23 to S25). The development of in-plane coil
structures or related configurations, suitable
for lithographic fabrication, may offer addi-
tional benefits in miniaturization.
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POPULATION GENETICS

A geographic history of human genetic ancestry

Michael C. Grundler', Jonathan Terhorst?, Gideon S. Bradburd*

Describing the distribution of genetic variation across individuals is a fundamental goal of population
genetics. We present a method that capitalizes on the rich genealogical information encoded in genomic
tree sequences to infer the geographic locations of the shared ancestors of a sample of sequenced
individuals. We used this method to infer the geographic history of genetic ancestry of a set of human
genomes sampled from Europe, Asia, and Africa, accurately recovering major population movements
on those continents. Our findings demonstrate the importance of defining the spatiotemporal context of
genetic ancestry when describing human genetic variation and caution against the oversimplified
interpretations of genetic data prevalent in contemporary discussions of race and ancestry.

resent-day genomes are inherited from

an unbroken chain of ancestors who lived

in different geographic locations at dif-

ferent times, creating spatial patterns of

genetic relatedness (7). Understanding
these patterns is vital both for the identifica-
tion of the genomic basis of phenotypic varia-
tion (2) and for knowledge of the demographic
history of a species (3). Conversely, ignoring spa-
tial demographic history can have serious im-
plications for genome-wide association studies
or the identification of loci involved in local
adaptation (4).

Genetic variation in humans is often sum-
marized with discrete labels, but these can be
inaccurate and misleading (5, 6). Even when
based on geographic history, genetic ancestry
labels oversimplify a complex picture because
they implicitly focus on only a single point in
time. For example, based on our current under-
standing of human origins, all living individ-
uals are “African” (regardless of the geography
of their recent ancestors) when considering
their ancestry ~200,000 years before present.
Advances in the study of ancient DNA have
revealed a lack of genetic continuity within
geographic regions (7-10), further highlighting
the shortcomings of genetic ancestry labels.
The fact that these labels are generated using
statistical genetics approaches gives them the
veneer of authenticity, further reifying prob-
lematic notions of race and ancestry in society
(6, 1I).

At a technical level, many of the existing meth-
ods for quantifying ancestry average over the
ages of shared ancestors in the sample, effec-
tively “flattening” the temporal component
of the genealogy that connects all individuals
within a species (12, 13). In reality, any pair
of individuals is connected by many shared
ancestors from whom each has inherited some
portion of their genome (74). This flattening
has the effect of painting a static notion of
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ancestry rather than one that changes as it
proceeds backward in time.

If we knew the identities, locations, and ages
of the ancestors of a sample, we could more
precisely and accurately report their geographic
ancestry through time. Moreover, we could learn
about their history of dispersal, identifying ma-
jor population movements, demographic events,
and barriers to migration. Although such de-
tailed pedigree information is rare [but see (15)
and (16)], it is nevertheless possible to learn
about pedigree ancestors that are shared among
individuals in a sample. This is because genetic
relationships between samples, as well as the
identities of the shared ancestors with whom
they are related, are encoded in an interwoven
collection of gene genealogies called an ances-
tral recombination graph (ARG) (17-19).

Recent advances in statistical and computa-
tional population genetics (20-23) have facili-
tated the inference of an ARG from large
numbers of genomes. The ARG is a record of
all coalescence and recombination events since
the divergence of the sequences under study,
and therefore it specifies a complete genealogy
of the sample at each genomic position. This
record can be represented as a tree sequence
(24, 25), an ordered set of trees localized to
adjacent regions of the genome describing
the gene genealogies of a set of samples at
every genomic position. Each internal node
in a local genealogy represents a haplotype
within an ancestor from whom two or more
sampled individuals have coinherited a por-
tion of their genome. By estimating where and
when each of these ancestors lived, we can
reconstruct the geographic history of a set of
modern-day individuals, documenting the path
through space and time by which their genomes
came to them.

Here, we present and validate a method for
achieving this goal. Our method, called GAIA
(geographic ancestor inference algorithm), ef-
ficiently infers the geographic locations of the
shared ancestors of a modern, georeferenced
sample. We applied GAIA to a tree sequence of
humans sampled in Europe, Asia, the Middle
East, and Africa (22) and reconstructed the

geographic history of human ancestry over the
past 2 million years.

Inferring the locations of shared ancestors

Conceptually, GAIA is like many tree-based
methods in phylogeography that attempt to
reason about the locations and movements of
genetic ancestors based on the geographic dis-
tribution of modern-day samples and the phy-
logenetic relationships among them (26-28).
Instead of working with a single gene tree or
with a collection of independent gene trees,
GAIA generates inferences using a sequence of
locally correlated gene trees. It is similar to
several recent existing methods in this regard.
For example, Wohns et al. (22) introduced a
nonparametric approach that estimates ances-
tor locations by successively averaging the
coordinates of sample locations in a postorder
traversal of a tree sequence. In addition, Osmond
and Coop (29) described a likelihood method
for locating genetic ancestors and estimating
migration rates based on a model of branching
Brownian motion using a sample of gene trees
from a tree sequence, an approach that was
recently extended by Deraje et al. (30) to the
full ARG. GAIA differs from these approaches,
both in its choice of optimality criterion and in
its flexible representation of geographic space,
which can be continuous or discrete.

GAIA works by fitting a minimum migration
cost function to each genomic position in an
ancestral haplotype using the generalized parsi-
mony algorithm (Fig. 1). Because neighboring
gene genealogies in a tree sequence are highly
correlated, we were able to efficiently main-
tain the state of parsimony calculations as we
iterated over the local genealogies in a tree se-
quence containing the ancestral haplotype.
Once these cost functions were computed for
all genomic positions, we averaged them and
assigned the ancestral haplotype to the ge-
ographic location that minimized its average
cost function. These assignments then have
a straightforward interpretation: They cor-
respond to the geographic location that mini-
mizes the overall migration cost of an average
ancestral base pair. In our implementation,
migration cost is a function of geographic dis-
tance, and the overall migration cost in a local
genealogy is simply the sum of all ancestor-
descendant migration costs.

A minimum migration optimality criterion
may miss migration events because ancestors
in distinct geographic locations can sometimes
be assigned to a single geographic location to
lower the overall migration cost given the sam-
pling configuration. This can create a simpli-
fied picture of ancestry when the reality is more
complex (31). Additionally, variance in the co-
alescent process itself can interact with the
sampling configuration such that ancestors in
the same location are inferred to be in differ-
ent locations, potentially resulting in mistaken
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Fig. 1. Conceptual overview of GAIA. For each local tree, we used the dynamic
programming method of Sankoff and Rousseau (38) to fit a minimum cost
dispersal surface to the genealogical relationships of the georeferenced sample
nodes. In this example, we used squared Euclidean distance as the cost function,
and f,(x, y) returns the smallest sum of squared dispersal distances between
all ancestor-descendant node pairs that can be obtained when node v is at
location (x, y). Using the genomic spans of local trees as weights, we then took
a weighted average of local surfaces to assign each node a single average

inferences of migration. Because GAIA is prin-
cipally an exploratory tool, we did not attempt
exhaustive exploration of these biases, but
users of GAIA should bear them in mind when
interpreting results.

To validate GAIA’s performance, we simu-
lated genetic data under different spatial mod-
els using SLiM (32). GAIA performs well under
a variety of demographic histories and over a
range of dispersal kernels (both magnitude
and shape), achieving greater accuracy and
faster computation times than related non-
parametric methods (figs. S3 to S6), and it is
able to accurately reconstruct pairwise dis-
tributions of ancestor distances over a range
of temporal scales (fig. S13). We also dem-
onstrate that we can use the reconstructed
geographic distances between nodes in the
tree sequence to estimate the parent-offspring
dispersal distance for both Gaussian and non-
Gaussian dispersal kernels (figs. S1 and S2).

Tracking human ancestors through space
and time

We inferred the geographic locations of ances-
tors of a contemporary sample of 2140 geo-
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referenced human genomes from the Human
Genome Diversity Project (33, 34) using a
dated tree sequence inferred for chromosome
18 by Wohns et al. (22) (Fig. 2). To avoid the
complexity introduced by large-scale post-
colonial migrations, we focused on ancestry
of the subset of individuals sampled from the
continents of Europe, Asia, and Africa, con-
sisting of 1070 contemporary individuals. The
tree sequence for these individuals consists
of 28,154 local genealogies containing 114,606
ancestral nodes and spanning ~80,000 gener-
ations of human history. An equal area dis-
crete global grid (35) (cell spacing ~800 km)
intersected with Earth’s landmass provided a
set of habitable areas; individual sample loca-
tions were assigned to the nearest grid cell.
Although a variety of complex migration cost
matrices can be envisioned, we opted for the
simplest model that only allows migration be-
tween neighboring grid cells and assigns a unit
cost to each migration event. We used GAIA
to locate ancestral nodes to the grid cells with
the lowest migration cost. For many ancestral
nodes, especially older nodes, multiple grid
cells may be optimal or near optimal (fig. S7).

y Average minimum cost dispersal surfaces

minimum cost dispersal surface. Here, node 4 appears in all three local trees,
and its final fitted surface is the weighted average of the three local surfaces. By
contrast, nodes 3, 5, and 6 appear in a single local tree, and their final fitted
surfaces are identical to the surface in the local tree in which they appear. The
perspective plot in the rightmost panel displays the ancestral recombination
graph encoding the local trees along with the final fitted surface for each node.
Nonsample nodes are positioned at the minimum cost point on the surface.
Warmer colors denote higher costs.

Because our summaries ignore near-optimal
solutions, they do not explore the full range of
uncertainty in ancestral locations and should
be viewed, not as precise statements on where
ancestors lived and how they moved, but rather
as summaries of major trends.

Our inferred geographic chronology of the
ancestors of the sample largely reconstructs
major population movements in human pre-
history, including the out-of-Africa expansion
and the peopling of Eurasia (Fig. 3). Our esti-
mates place some genetic ancestors of the sam-
ple in Asia and the Middle East well before
the earliest fossil evidence of human dispersal
out of Africa. The oldest nodes in the tree se-
quence are estimated to have occurred ~2 mil-
lion years before present, and a small minority
of these are inferred to be located in Asia and
the Middle East. A similar pattern was ob-
served by Wohns et al. (22) in their analysis
of chromosome 20. Geographic estimates of
ancient ancestry must be viewed with caution
because phylogenetic signal is highly atten-
uated at deep timescales. In the extreme case of
complete loss of phylogenetic signal, estimates
from GAIA will be no better than random
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Fig. 2. A georeferenced ARG. Red lines trace the inferred historical migrations of genetic ancestors of the sample (white points), with darker shading used to
indicate movements that took place in the more distant past. Six contemporary samples are highlighted in the bottom panels. Black lines trace the average position of
their genetic ancestors back through time, and red lines denote the subset of edges in the ARG that are ancestral to the samples.

guessing and will tend to be pulled toward a
majority rule geographic centroid location.
Although this is not a concern for the dataset
as a whole (where the geographic centroid
occurs in central Asia), it may contribute to
GAIA’s placement of the oldest genetic ances-
tors in central Africa (fig. S12). These concerns
notwithstanding, from ~2 million to 200,000

SCIENCE science.org

years before present, the average positions
of genetic ancestors to the geographic sub-
sets of samples from Europe, Asia, the Mid-
dle East, and Africa are all inferred to be in
Africa. This coincides with the period when
most genome positions in these geographic
subsets trace their descent to an ancestor in
Africa. Between 200,000 years ago and the

present, the average location of ancestors to the
geographic subsets of samples from Europe,
Asia, and the Middle East diverge from one
another and begin to move toward the aver-
age of position of samples from those regions,
whereas the average position of ancestors
to the African subset of samples remains in
Africa (Fig. 4).
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Fig. 3. Geographic chronology of human genetic ancestry. Arrows point in the direction of the greatest migration of the shared genetic ancestors of the sample
and are colored according to the age of the earliest migration. Points show the distribution of sampled modern-day genomes. Point size is proportional to the number

of samples from each locality.

Geographic history of human ancestry

We used the georeferenced tree sequence to
define a spatiotemporally explicit ancestry
coefficient, which we then tracked across space
and time to understand and quantify the ge-
netic and geographic history of our sample.
Only a subset of any given contemporary
individual’s genome, A4,(¢) in individual 1, is
found in the ancestral nodes or branches in
the tree sequence at a given point in time ¢
(once the local genealogy in a particular ge-
nomic region has coalesced, that portion of
the genome is no longer represented in deeper
sections of the tree sequence; therefore, the
farther back in time we look, the less of any
modern-day individual’s genome can be found).
We define this spatiotemporally explicit ances-
try coefficient, which we call (%), as Az(t)/ALL):
the proportion of individual 7’s genome that
exists in its ancestors in the tree sequence at
time ¢ and that is inherited from ancestors
living within some prescribed geographic re-
gion k. This ancestry coefficient can be broadly
understood as the proportion of a sample’s ge-
nome inherited from individuals living within a
specified geographic region at a specific time.

1394 28 MARCH 2025 « VOL 387 ISSUE 6741

Unlike ancestry labels, ;(f) is explicitly as-
sociated with both a point in time and a region
of space. Therefore, we can use it to understand
how a sample’s ancestry has changed across
space and time. At the present moment, the
distribution of = simply reflects the geogra-
phy of modern-day sampling. By 100,000 years
ago, we find that only 2% of modern-day sam-
ples are inheriting their genomes from ances-
tors in Europe (Fig. 4); almost all ancestors
contributing genomic material to the modern-
day sample are inferred to have lived in Africa,
Asia, and the Middle East. The spatiotemporal
ancestry coefficients show similar trajectories
for modern-day samples from Asia. During
this same period, the proportion of sample
ancestors found in Africa increases almost
monotonically backward in time, from 16% at
the present (again, reflecting the geography
of modern-day sampling) to ~95% by 1 million
years ago. The proportion of the genomes of
the sample inherited from ancestors inferred
to be in Africa plateaus at ~95%, with ~5% of
genome continuing to be inherited from an-
cestors in the Middle East along the eastern
Mediterranean (fig. S8). Randomly downsam-

pling the data so that each population is rep-
resented by only a single individual does not
change this result (fig. S9). However, because
attenuation of phylogenetic signal at deep
timescales can cause misplacement of genetic
ancestors, this result should be viewed with
caution.

Large-scale movement in human ancestry

To study large-scale movements of human an-
cestry, we introduce a new statistical summary
of the georeferenced tree sequence: ancestry
flux. Formally, if A(t; t,) is the amount of in-
dividual 7’s genome that inherits from ances-
tors alive between [#;, t,), and Ay, t,) is the
same amount that inherits from ancestors
who moved from j to k, we define ancestry flux
as gty t) = Ayilty, t)/ALG, t): the proportion
of s genome that exists in its ancestors in the
tree sequence during the period [#, t,) and that
is inherited from ancestors who moved from
J to k during that same period. This coefficient
can be broadly understood as the proportion
of a sample’s genome inherited from ancestors
who moved between specified geographic re-
gions during a particular period. However,
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Fig. 4. Inferred spatiotemporal ancestry coefficients through time. The fraction of genomic positions in each geographic subset of samples (top row) that trace
ancestry to different geographic regions at different times in the past is represented by shades of red, with darker shading indicating greater ancestry (i.e., a larger
fraction). Point size is proportional to the number of sampled genomes from each locality.

because of the nature of the coalescent pro-
cess, we expect that the movement of ge-
netic ancestry quantified in this fashion will
predate the movement of individuals carrying
that ancestry. Additionally, estimates of an-
cestry flux are subject to error in ancestor
location estimates and error incurred by inter-
polating migration routes between estimated
locations (fig. S14), so care is warranted when

SCIENCE science.org

interpreting the directions and timings asso-
ciated with the coefficients.

We discretized Europe, Asia, and Africa in-
to approximately equal-area hexagons (each
~800 km?) and quantified ancestry flux be-
tween them in 2500-year intervals between the
present and 0.5 million years ago. We found
consistent ancestry flux out of Africa into the
Middle East during this time, with a peak oc-

curring between 100,000 and 150,000 years ago
(Fig. 5). Nearly all ancestry flux out of Africa is
estimated to have occurred through a north-
ern route across the Sinai Peninsula rather than
a southern route across the strait at Bab-el-
Mandeb. Approximately 30% of genomic po-
sitions in the modern-day sample trace ancestry
to a northerly migration out of Africa, but only
0.1% trace ancestry to a southerly migration
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three different time intervals. Cells are colored by the fraction of genomic positions that find ancestry in them at that time, and arrows depict the direction of greatest
migration, with opacity scaled by the magnitude of migration.

route out of Africa. However, this result should
be viewed with caution, because simulations
indicate that GAIA would detect such a pattern
even if the true route had been through the
south (fig. S11).

Discussion

We have described a simple heuristic approach
for reconstructing the geographic genetic his-
tory of a sample, which can be used to explore
the timing and location of demographic events.
Patterns of diversity and relatedness between
individuals are created by a complex interplay
between evolutionary forces acting over the
history of a population. By uncovering these
patterns, our method enables researchers to
go beyond the standard practice of grouping
individuals into a small number of static and
ill-defined “populations.” Although this prac-
tice may be useful in some limited scenarios
(e.g., for conservation and management), our
results illustrate that it discards an immense
amount of additional information. Further-
more, when applied to humans, population
assignment has the potential to lead to greater
harm and confusion by conflating race, ethnicity,
geography, and ancestry (5). A spatiotemporal
summary of ancestors offers an intuitive and
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informative path toward understanding an-
cestry, demography, and major population
movements through time.

Of course, the geographic histories inferred
by GAIA are not perfectly accurate; individual
dispersal decisions are the result of countless
factors that we cannot capture using a simple
heuristic model. For example, GAIA assumes
that lineages disperse independently of one
another and that the dispersal process is
independent of the coalescent process in a
reconstructed gene tree, and both of these
assumptions are certainly violated in empir-
ical datasets. Moreover, errors in the tree se-
quences inferred by upstream tools such as
RELATE (20) and TSINFER (21) have the po-
tential to propagate into the output of GAIA.
Additionally, the sampling process itself may
affect our results insofar as the accuracy of
geographic inference of ancestor locations de-
pends on the distribution of sampled individ-
uals relative to that of their ancestors. Finally,
we caution that GAIA sheds light on the geo-
graphic and temporal distribution of shared
genetic ancestors. Even if we had perfect in-
formation on the geographic locations of all
ancestors, it would not necessarily inform our
understanding of the distribution of the cen-

sus population alive at any point in the past.
As with all population genetic approaches,
historical individuals who contributed no an-
cestry to the modern-day sample remain in-
scrutable. We therefore present GAIA as an
exploratory data analysis tool rather than a
formal approach for explicitly comparing dif-
ferent models of geographic history.

Despite these limitations, the ability to infer
the locations of ancestors in the tree sequence
opens exciting avenues for research. Simply
summarizing the georeferenced tree sequence
can yield valuable insights about the history of
a population, including identifying barriers to
dispersal, shifts in dispersal regimes through
time, and the geography of ecological dynam-
ics (at least with respect to genetic ancestry). A
straightforward direction for extending GAIA
would be to explicitly incorporate some of these
elements. Because the transitions between dif-
ferent geographic states occur on an arbitrary
network, we can easily incorporate different
geographies, such as dispersal routes that con-
nect far-flung regions that may be of interest
when species occasionally experience human-
mediated dispersal (36). More broadly, the
ability to study the geography of genealogies
heralds an exciting growth in the ability of
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the field of population genetics to shed light
on population ecological processes governing
the movement, distribution, and density of in-
dividuals across space and time.
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POLICING

High-frequency location data show that race affects
citations and fines for speeding

Pradhi Aggarwal', Alec Brandon?*, Ariel Goldszmidt®, Justin Holz*, John A. List, lan Muir®,

Gregory Sun®, Thomas Yu’

Prior research on racial profiling has found that in encounters with law enforcement, minorities are punished
more severely than white civilians. Less is known about the causes of these encounters and their
implications for our understanding of racial profiling. Using high-frequency location data of rideshare drivers in
Florida (N = 222,838 individuals), we estimate the effect of driver race on citations and fines for speeding
using 19.3 million location pings. Compared with a white driver traveling the same speed, we find that racial or
ethnic minority drivers are 24 to 33% more likely to be cited for speeding and pay 23 to 34% more money
in fines. We find no evidence that accident and reoffense rates explain these estimates, which suggests that

an animus against minorities underlies our results.

acial profiling is one of the most im-

portant social issues in the United States.

To better understand the extent of this

issue and motivate policy interventions to

mitigate it, social scientists have exten-
sively examined administrative data collected by
law enforcement agencies, such as records of
police encounters with motorists and pedes-
trians, responses to 911 calls, and criminal trials.
Broadly speaking, this research has found that,
relative to the white civilians who appear in the
data, police officers and judges are more likely
to search, fine, use force, charge, detain, and
incarcerate civilians who belong to a racial or
ethnic minority group (7-16).

A basic concern with this research is that
because race or ethnicity likely affect whether
a civilian is cited in the administrative data,
the results are unlikely to capture the full ex-
tent of racial profiling (17-22). The direction in
which this would bias prior findings depends
on why race or ethnicity affects the likelihood
of appearing in the data. One possibility is that
civilians who belong to a racial or ethnic mi-
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nority group are more likely to be cited compared
with their white counterparts for the same vio-
lation of the law, potentially because they are
targeted by police or because their communities
are overpoliced. Under this possibility, analyses
of administrative records would understate the
extent of racial profiling. Another possibility is
that minority civilians are more likely to be
cited because they break the law more fre-
quently, which would cause analyses of the
administrative data to overstate the extent of
racial profiling.

Without additional data that allow social
scientists to control for possibilities such as these,
it is hard to make progress on policy interven-
tions to mitigate racial profiling. A subset of
the prior research has suggested that interven-
tions should target “taste-based discrimination”
(23)—because underlying the evidence of racial
profiling is an animus against racial and ethnic
minority groups—not “statistical discrimination”
(24, 25), where police and judges use civilian
race or ethnicity as predictors that help ac-
complish objectives, such as deterrence. How-
ever, it is possible that this suggestion is only
partially true and that an analysis of the full
extent of racial profiling would find evidence
for targeting statistical discrimination too.

In this Research Article, we examine the full
extent of racial profiling in the enforcement of
speed limits. Prior research on this question
is emblematic of the broader literature on
racial profiling. Among motorists cited in the
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Fig. 1. Effect of driver race on
citations and fines for speeding.

In the top row, the rate of citations and
cost of fines for white and minority
drivers is plotted. In each column of the
top row, the left pair of estimates are
adjusted for the variation explained

by the control variables in the FE
model, and the right pair of estimates
account for variation explained by
controls in the DML model. In the
bottom row, the differences between
white and minority citation rates and
fines are plotted. For each outcome,
the left estimate controls for the
covariates in the FE model, and the
right estimate controls for the
covariates selected by the DML model.
95% confidence intervals constructed
with robust standard errors clustered by
driver are included on the estimated
differences. In parentheses, the
estimated difference is normalized

by the rate of citations and fines for
white drivers. *P < 0.10; **P < 0.05;
***p < 0.01.

administrative data, minority drivers receive
harsher punishments for speeding (5, 7, 12-14),
and these harsher punishments are attrib-
uted to taste-based, not statistical, discrim-
ination because they cannot be explained by an
objective, such as deterring future citations for
speeding (13). There is also evidence that mi-
nority drivers are more likely to appear in these
data, although why they are overrepresented is
multivariate. There is evidence that police of-
ficers target minority drivers in traffic stops (12)
and that minority communities are overpoliced
(26, 27). However, there are also data collected
by researchers (28) and automated speed cam-
eras (29) that suggest that drivers who belong to
aracial or ethnic minority group are more likely
to exceed the speed limit. One way to better
understand the full extent of racial profiling in
this context would be to analyze administra-
tive records on speeding violations that are
linked to data on whether a motorist was driving,
their driving speed relative to the limit, their
race or ethnicity, and other potentially impor-
tant controls such as driving location.

We constructed a dataset of this form by
linking (i) high-frequency location (HFL) data
[i.e., global positioning system (GPS) pings
communicated from a driver’s smartphone] of
motorists with (ii) official government admin-
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istrative records on their speeding violations
and (iii) inference of their race or ethnicity.
To the best of our knowledge, this is the first
study to construct such a dataset (30). Using
these data, we conduct analyses to answer the
following research questions (RQs). RQl: Com-
pared with white drivers, are minority drivers
more likely to be cited and pay more in fines
for speeding? RQ2: Which mechanism, taste-
based or statistical discrimination, underlies
our answer to RQ1?

Methods

We answer these questions using data from
a collaboration with the rideshare platform
Lyft. This study’s sample included Lyft drivers
(V = 222,838 individuals) operating in the state
of Florida. Much like its competitor Uber, Lyft
runs a platform that matches customers with
drivers offering rides. To offer rides, drivers log
into an application on their smartphone that
communicates pings of a driver’s precise location
and driving speed to Lyft’s platform every 10 s.

Measures

Driver speed, speeding, and reoffense

of speeding

The HFL pings that Lyft receives denote the
time and location of a driver using their smart-

FE Model DML Model

phone’s clock and GPS. We calculate average
driving speed between pings by dividing the
distance and time between each ping. After
merging the location of the pings onto Florida
records of the location of road segments and
their attributes, such as speed limit, we can infer
whether and the extent to which a driver ex-
ceeds the speed limit. Following the relationship
between speeding and fines in Florida, we group
speeding into the following discrete categories:
0109, 10 to 14, 15 to 19, 20 to 29, and 30+ miles
per hour (mph) over the speed limit.

Citations, fines, and accidents

In partnership with Lyft, we obtained access to
the pings of the population of Lyft drivers ope-
rating in Florida between August 2017 and
August 2020. We link each ping to Florida’s
government records of speeding violations and
accidents with information on timing and driver’s
license number. We infer when an accident oc-
curred or when a driver was stopped by police
for a speeding citation by searching for the
largest reduction in driving speed within 3 min
of the approximate time in the Florida records.

Race or ethnicity

To infer driver race or ethnicity, we fit a model
that relates the self-reported race or ethnicity
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Fig. 2. Effect of driver race on relationship between driving speed and accidents. Difference between
white and minority driver accident rates by level of speeding. The estimated differences control for the
covariates in the FE model. Brackets indicate the 95% confidence intervals, which are constructed with

standard errors clustered by driver.

of the 45.7% of drivers who are registered voters
in Florida to a picture that each driver submits
when they apply to drive on Lyft’s platform. This
fitted model is then used to infer the race or
ethnicity from the picture submitted by the
54.3% of drivers who are not registered voters.
Our main analysis assigns drivers to one of
two racial and ethnic categories: white or mi-
nority, where minority includes Asian and
Pacific Islander, Black, or Hispanic (31). See
the supplementary materials, sections 1.1 to
1.6, for construction of analysis sample.

To determine whether there is evidence of
racial profiling, we would ideally compare white
and minority drivers while controlling for all
other factors that are related to driver race and
affect speeding citations and fines. Under the
first strategy, we select the controls that are
likely relevant. We refer to this strategy as the
“FE model” because we primarily select fixed
effects (FEs) to control for the nonrace factors
that could influence the receipt of citations and
fines. Second, a machine learning algorithm se-
lects the factors to control. We refer to this
strategy as the “DML model” because it relies

SCIENCE science.org

on a technique called double machine learning
(DML) (32). See the supplementary mate-
rials for variables in the FE model (section 2.1)
and for the DML model’s selection of controls
(section 2.2).

Taste-based versus statistical discrimination

To understand whether the racial profiling
of minorities is attributable to statistical or
taste-based discrimination by police, we adopt
the following strategy. We test for statistical
discrimination by examining whether, com-
pared with white drivers, speeding citations
for minority drivers are more predictive of
other traffic violations. If we find evidence
that minority status is predictive, then we
would attribute racial profiling to statistical
discrimination because it would suggest that
police profile to deter traffic violations that
happen to be more prevalent amongst mi-
nority drivers versus white motorists. Other-
wise, we would attribute the evidence to
taste-based discrimination.

We consider two types of traffic violations
with which a citation for speeding is likely

related: reckless driving (using accidents as
a proxy) and reoffenses (of speeding). With
accidents, we test for whether minority status
is predictive by regressing whether an accident
occurs on minority status interacted with
speeding and the controls used in the FE
model described above. With reoffenses, we
test for whether minority status is predictive
by regressing the portion of time in a week
spent driving more than 10 mph over the
speed limit on the interaction between mi-
nority status and weeks since a citation for
speeding, driver FEs, and weeks since a cita-
tion FEs (33). If both tests find that minority
status is a statistically significant predictor,
then we would attribute an effect of minor-
ity race or ethnicity to statistical discrimina-
tion by police; by contrast, if both tests find
no such statistical significance, then we would
attribute an effect of minority status to taste-
based discrimination.

Results

Our empirical analysis of racial profiling con-
trols for location, time, features of the road, car,
driver age and gender, the phase of a trip that
the driver was completing (i.e., waiting to be
paired with a passenger, picking up a passen-
ger, or dropping off a passenger), and the ex-
tent to which the driver was exceeding the
speed limit. See the supplementary materials,
sections 2.1 to 2.2, for details.

RQI: Race, citations, and fines

We find that compared with white drivers, mi-
nority drivers are significantly more likely to be
cited for speeding, and they pay significantly
more in fines. Notably, this comparison con-
trols for whether and the extent to which a
driver was speeding, where they were driving,
features of the car being driven, and other po-
tentially relevant covariates. Figure 1 presents
these findings by plotting the rates of citations
and costs of fines for white and minority drivers
as well as the estimated effect of driver race on
citations and fines for speeding. Across the two
outcomes and models in the top row of Fig. 1, we
see that the average rate of citations and cost of
fines is low. For every 10,000 hours of driving,
which is about a half decade of working
40 hours per week, drivers have an 11 to 15%
chance of receiving a citation for speeding,
and the average cost of these citations is $15
to $20. Yet, despite how rare speeding cita-
tions are, differences between white and mino-
rity drivers appear across both outcomes and
both models.

The bottom row of Fig. 1 plots the average
effect of minority status on citation rates and
fines. Starting from the left, the FE and DML
models, respectively, find that for every 10,000
hours of driving, minority drivers are 3.6 and
2.7 percentage points more likely to be cited
for speeding compared with white drivers.
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Fig. 3. Effect of speed-
ing citations on
reoffending. (A) The 0.015
proportion of driving
time over the speed
limit in the weeks before
and after a white and
minority driver is cited
for a speeding ticket.
Estimates are relative to
time spent speeding
during the week that a
speeding ticket was P
received and control for

driver FEs. (B) The esti- -0.020

mated differences and 765432
95% confidence intervals
constructed with robust
standard errors clustered
by driver.

Regression coefficient

Moving to the right, we report a similar rela-
tionship between minority status and fines,
with the FE and DML models, respectively,
finding that the average effect of minority
status on speeding fines per 10,000 hours of
driving is $5.20 and $3.58. Relative to how
rare citations and fines are, these effects are
quite large. In percentage terms, minority driv-
ers are 24 to 33% more likely to be cited for
speeding and pay 23 to 34% more in fines. Fur-
thermore, the four estimated effects shown in
the bottom two panels of Fig. 1 are statistically
significantly different from zero at the conven-
tional level of 5%. The supplementary materials,
sections 3.1 to 3.2, present these results in table
form. The results from a series of robustness
and heterogeneity analyses can be found in
the supplementary materials, sections 4.1 to
4.6; these include the effect of minority status
at discrete levels of speeding and the effect of
each race or ethnicity.

RQ2: Mechanisms—taste-based versus
statistical discrimination

Having established that minority drivers are
more likely to be cited and fined for speeding
compared with white drivers, we next consider
mechanisms (i.e., taste-based versus statistical
discrimination). Our analysis finds that, con-
trary to the statistical discrimination mech-
anism, police do not racially profile in their
enforcement of speeding tickets to deter reck-
less driving (accidents) or reoffending speed
limits. We find that white and minority drivers
have statistically indistinguishable accident
rates and rates of reoffending, which suggests
that statistical discrimination does not under-
lie the evidence of racial profiling. As a result,
we attribute the effect of minority status on
citations and fines to taste-based discrimina-
tion by police officers. Figure 2 presents the
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results of an analysis that considers whether
police officers are more likely to penalize mi-
nority drivers for speeding because their speed-
ing is more predictive of accidents than for
white drivers. The effect of minority status on
accident rates is reported for several discrete
levels of driving speed exceeding the speed
limit, with brackets around each estimated
effect illustrating the 95% confidence interval.
‘When traveling 0 to 9 mph over the speed limit,
minority drivers are marginally more likely to
be cited for an accident than white drivers; at
nearly every higher level of speeding, the di-
rection reverses, and white drivers are more
likely to be cited for an accident. Furthermore,
none of these estimates are statistically distin-
guishable from zero at the conventional level
of 5% significance.

Figure 3 presents the results of a comple-
mentary analysis that considers whether police
officers are more likely to penalize minority
drivers because their speeding is more predic-
tive of reoffending. This figure shows that
being a minority does not predict speeding
around a citation because the difference has
an ambiguous sign in the weeks before and
after a speeding ticket is received. Further-
more, the differences are statistically indis-
tinguishable from zero at the conventional
level of 5% significance. Regression results
can be found in the supplementary materials,
sections 3.3 to 3.4.

Discussion

Using data on active Lyft drivers in Florida, we
estimate the effect of racial profiling on cita-
tions and fines for speeding. Across two em-
pirical strategies that control for speeding,
location, and a battery of other covariates,
we find that racial or ethnic minority drivers
are significantly more likely to be cited for

5 4 -3 2 -1 01 2 3 4 5 & 7 8
Weeks relative to stop

B Racial Differences in Reoffenses

speeding and to pay significantly more money
in fines. Our complementary analyses of reof-
fense and accident rates fail to find evidence
that these effects can be attributed to differ-
ences in speeding behavior or traffic violations
across white versus minority drivers (i.e., sta-
tistical discrimination); therefore, our find-
ings suggest that police racial profiling of
drivers is due to police having animus or pre-
judice against minority drivers (i.e., taste-based
discrimination).

These results suggest concrete prescriptions
for policy-makers and business leaders inter-
ested in mitigating racial profiling. For policy-
makers, our findings suggest that compared
with enforcement by police officers, appropri-
ately located automated technologies, such as
speeding cameras, could help reduce selective
enforcement of traffic violations. For business
leaders, our findings indicate that race-blind
approaches to disincentivizing risky behavior
may not be so blind. For example, car insurance
rates typically increase when drivers are cited
for speeding (34), but our findings indicate
that such citations are not blind to driver race.
Accounting for race in the relationship be-
tween citations and insurance rates could help
diminish the effect of racial profiling.

More generally, we present a methodolog-
ical advance. We view our analysis as a proof
of concept for an approach to measuring the
full extent of racial profiling’s effects. A basic
concern with prior research is that it can only
evaluate racial profiling after an encounter with
police has begun; however, failing to control for
the previous events that led to these encounters
(e.g., speeding) can bias evaluations for or
against finding evidence of racial profiling.
Our analysis demonstrates that these events
can be controlled in the context of enforce-
ment of speed limits. With sufficiently large
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datasets of motorists or pedestrians, it is likely
possible to extend our approach to the analysis
of outcomes that follow traffic and pedestrian
stops, such as use of force, detainment, and
incarceration. Although citations for speeding
are too rare in our data to investigate outcomes
that follow, progress would likely be possible
with larger samples of HFL data. A similar
analysis of racial profiling in the setting of
stop-and-frisk would likely be possible with
HFL data that could link pedestrians to their
encounters with police.

‘We also conjecture that, with a more repre-
sentative sample of HFL data, applications of
our approach would be superior to existing
alternatives. The “veil of darkness” test (12, 18),
which compares the racial composition of
citations before and after the sun sets, is use-
ful for determining whether there is more
racial profiling during evening hours but can-
not address profiling at other times of the
day. Similarly, a more recent alternative com-
pares the racial composition of citations is-
sued by police with those issued by automated
cameras (29, 35); however, this approach is
also limited because it only evaluates racial
profiling in the locations where cameras are
installed.

Limitations

This article has several important limitations.
First, we study a very specific sample of motorists
that is almost certainly not representative of
drivers in Florida or the US. For example, to
drive on Lyft’s platform, motorists must pass
a background check that excludes applicants
convicted of violent offenses, sexual offenses,
and driving under the influence of drugs or
alcohol. Lyft drivers are incentivized to avoid
traffic violations, and these incentives appear
to work. Compared with the general popu-
lation of motorists, our sample is less prone to
speed, especially more than 10 mph over the
limit (26). As a result, our analysis examines only
1423 citations for speeding, which limited
the scope of analyses that we could conduct.
With more citations, researchers could build
on our analyses to learn more about the nature
of the taste-based discrimination that we find
underlies racial profiling. Of particular inte-
rest would be analyses that precisely esti-
mate the effect of driver race or ethnicity on
speeding citations as a function of ambient
light (e.g., daytime versus evening), driving in
overpoliced communities of color versus pre-
dominantly white neighborhoods, and motor
vehicle characteristics.

Second, our sample of Lyft drivers was ob-
served in Florida during 2017 to 2020. In terms
of racial and ethnic demographics, Florida is
similar to the rest of the country (36) but is more
politically conservative, and Florida’s police
are less likely to search a car during a stop;
those searches largely target Black drivers (12).
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Although we only studied a specific time
frame, the supplementary materials show
that omitting data after COVID-19 lockdowns
and protests over George Floyd’s killing did
not affect results.

Third, we still rely on some administrative
data from law enforcement that may mask
important forms of racial profiling. Most im-
portant is the possibility that police officers
use civilian race as a pretext to stop civilians
and do not document these stops in their
records. However, we conjecture that progress
on unrecorded stops would require combining
data such as ours with data reported by drivers
or HFL data on police officers (27). A related
limitation of our HFL data is that they are
proprietary and can only be accessed with per-
mission from Lyft.
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PLANT PATHOLOGY

A wheat tandem kinase activates

an NLR to trigger immunity

Renjie Chen't, Jian Chen?t, Oliver R. Powell't, Megan A. Outram?t, Taj Arndell?,

Karthick Gajendiran’, Yan L. Wang?, Jibril Lubega®, Yang Xu®*, Michael A. Ayliffe?, Cheryl Blundell?,
Melania Figueroa?, Jana Sperschneider?, Thomas Vanhercke?, Kostya Kanyuka®, Dingzhong Tang®,
Guitao Zhong?, Catherine Gardener', Guotai Yu', Spyridon Gourdoupis®, Lukasz Jaremko®,

Oadi Matny?®, Brian J. Steffenson®, Willem H. P. Boshoff’, Wilku B. Meyer’, Stefan T. Arold®,

Peter N. Dodds?*, Brande B. H. Wulff'*

The role of nucleotide-binding leucine-rich repeat (NLR) receptors in plant immunity is well studied,
but the function of a class of tandem kinases (TKs) that confer disease resistance in wheat and
barley remains unclear. In this study, we show that the SR62 locus is a digenic module encoding the
Sr62™ TK and an NLR (Sr62V'R), and we identify the corresponding AvrSr62 effector. AvrSr62
binds to the N-terminal kinase 1 of Sr62™, triggering displacement of kinase 2, which activates
Sr62N'R. Modeling and mutation analysis indicated that this is mediated by overlapping binding sites
(i) on kinase 1 for binding AvrSr62 and kinase 2 and (ii) on kinase 2 for binding kinase 1 and
Sr62NR, Understanding this two-component resistance complex may help engineering and breeding

plants for durable resistance.

lant diseases cause about 20 to 30% losses

in crop production annually (7). Limiting

such losses without recourse to chemicals

relies on breeding for disease resistance

traits. Most known plant resistance (R)
genes encode nucleotide-binding leucine-rich
repeat (NLR) immune receptor proteins, which
recognize pathogen effector proteins that are
delivered into host cells during infection (2, 3).
Such immune-recognized effectors are known
as avirulence (Avr) proteins because their
recognition triggers immune responses that
prevent disease. Many NLRs containing an
N-terminal coiled coil (CC) domain directly
trigger immune responses upon Avr detection
by forming an oligomeric resistosome that
acts as a Ca>* channel (4-6). Avr recognition by
NLRs can occur either through direct interac-
tion with the Avr (6, 7) or indirectly through
detection of other host proteins modified by
effectors, such as the decoy kinases PBL2 and
Pto that are “guarded” by the NLRs ZAR1 and
Prf, respectively (5, 8). Other NLRs function in
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pairs, usually encoded by adjacent genes at a
digenic resistance locus, wherein one NLR acts
as a “sensor” to detect an Avr protein, while the
second acts as a “helper” or “executor” NLR to
trigger downstream responses (9, 10). In some
species, complex networks of sensor and helper
NLRs have evolved to confer resistance to a
variety of pathogens (71). Another class of NLRs
contains an N-terminal TIR domain that, upon
activation, catalyzes the production of small
molecules detected by EDS1 family protein
complexes to activate downstream helper CC-
NLRs (2, 12).

In Triticeae species, 18 of the 85 (20%) cloned
wheat and barley R genes were found to en-
code a different type of receptor based on
kinase fusion proteins (13, 14). Most of these
proteins consist of two kinase domains and
are known as tandem Kkinase (TK) proteins,
although a few, such as Sr43 (I5), contain a
single kinase domain fused to other domains.
It is not known how TK proteins confer path-
ogen recognition or induce immune responses.
Corresponding Avr proteins are unknown, ex-
cept for RWT4, which recognizes PWT4 from
Pyricularia oryzae to confer wheat blast re-
sistance (16, 17). Sr62 is derived from the wheat
relative Aegilops sharonensis and confers re-
sistance to stem rust disease caused by the
fungus Puccinia graminis f. sp. tritici (Pgt) (18),
including against highly virulent strains, such as
Ug99, that have caused significant losses world-
wide (79). Mutational analysis showed that a
TK gene at the SR62 locus (Sr62™) was required
for stem rust resistance in the Zahir-1644: in-
trogression line, and transgenic expression of
Sr62™ was sufficient to confer resistance in
the susceptible wheat cultivar Fielder (I8). In
this study, we show that the Sr62™ protein di-
rectly detects a corresponding AvrSr62 protein

from Pgt and activates a CC-NLR, also encoded
at the SR62 locus.

Sr62™ recognizes AvrSr62 protein variants
encoded at a complex locus in Pgt

To identify corresponding Avr genes, we used
Sr62™% to screen a Pgt effector library (20) by
coexpression in wheat protoplasts. Four effec-
tor constructs (clone nos. 0469, 0472, 0483, and
0490) showed significantly reduced expression
in the presence of Sr627X relative to an empty
vector control (fig. S1), suggesting immune
recognition-induced protoplast cell death. These
four Avr gene candidates belong to a gene fam-
ily of seven members, designated AvrSr62-1 to
AovrSr62-7, that are encoded at a complex locus
on chromosome group 5 of Pgt strain Pgt21-0.
Four of these reside in a ~70-(kilo-base pair)
Kkbp region on chromosome 5A with the other
three spanning ~35 kbp on chromosome 5B
(Fig. 1A and fig. S2A). All seven genes were
present in the effector library, but three of
them, AovrSr62-2, AvrSr62-3, and AvrSr62-6,
were not detected in the screen. AlphaFold-
predicted structures of AvrSr62-1 to AvrSr62-7
proteins are highly similar (fig. S3) but show
no similarity to other protein structures in
public databases. EffectorP3.0 (21) predicted
the AvrSr62 proteins as cytoplasmic effectors,
and RNA sequencing (RNA-seq) data (22) in-
dicated preferential expression in haustoria
and during in planta infection but not in
germinated spores (fig. S2B), similar to other
characterized Avr genes in Pgt (23). AvrSr62-1
to AurSr62-7 genes were tested individually
for recognition by Sr62™F in wheat protoplasts.
Expression of Sr627X alone resulted in reduced
yellow fluorescent protein (YFP) accumulation,
indicating some autoactive cell-death induc-
tion (fig. S4). Nevertheless, coexpression of the
four positively identified AvrSr62 genes re-
sulted in enhanced Sr62™-dependent cell death,
whereas AvrSr62-3 induced an intermediate
response and AvrSr62-2, and AurSr62-6 gave
no response (Fig. 1B). Recombinant barley stripe
mosaic virus (BSMV) expressing AovrSr62-5 or
AvrSr62-7 was unable to infect Zahir-1664
containing Sr62, whereas BSMV expressing
AvrSr62-1 or AvrSr62-4 remained infective
(fig. S5). All BSMV strains could infect a sus-
ceptible mutant derived from Zahir-1644. Yeast
two-hybrid assays showed interaction between
Sr62™ and the four recognized AvrSr62 pro-
teins but not the nonrecognized variants (Fig.
1C). AvrSr62-5 and AvrSr62-7 showed stron-
ger interaction than AvrSr62-1 and AvrSr62-4,
consistent with the results from the viral in-
fection assays (fig. S5). In planta two-hybrid
assays (24) also supported these interactions
(fig. S6, A and B), whereas coimmunoprecipi-
tation (co-IP) assays detected an interaction
between Sr62T% and AvrSr62-5 only (fig. S6C).
These data confirmed specific recognition of
AvrSr62 proteins by Sr62™%, suggesting that it
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Fig. 1. Identification of candidate avirulence effectors for Sr6

AvrSr62-2 Sr62™
AvrSr62-1 Sr62T™¢
AvrSr62-5 Sr62™¢
AvrSr62-6 Sr62™¢
AvrSr62-4 Sr62™
AvrSr62-7 Sr62T¢
AvrSr62-3 Sr627™¢

2™ using a high-throughput effector

library screening platform in wheat Fielder protoplasts. (A) Genomic arrangement of AvrSr62 genes in
the Pgt21-0 genome assembly (22). Genes shown in green are recognized by Sr62™, whereas those
shown in gray are not recognized. (B) Protoplasts from wheat cv. Fielder were cotransformed with YFP and
combinations of individual AvrSr62 genes, Sr62™ and an empty vector (EV = pTA22) as indicated. YFP

fluorescence (y axis) was measured after 24 hours and normalized to Sr6

2™ alone. Results represent the

means (dark green circles) of three biological replicates (green diamonds), with error bars indicating the
standard error. Samples marked by identical letters in the plots do not differ significantly [P < 0.05; analysis
of variance (ANOVA), Tukey post hoc test]. RFU, relative fluorescence units. (C) Growth of yeast strains
cotransformed with AvrSr62 variants fused to the GAL4 activation domain (AD) and Sr62™ fused to GAL4
binding domain (BD). Yeast suspensions at an ODgg = 1.0 and two serial dilutions of 1/10 and 1/100
were spotted on synthetic medium lacking tryptophan and leucine (-WL, growth control) and on synthetic
medium lacking tryptophan, leucine, and histidine (-WLH, interaction selection). Pictures were taken after
5 days of growth. Immunoblot of AvrSr62 variants shown in fig. SED.

acts as the primary receptor for these effec-
tors in wheat. However, coexpression of Sr62™%
and AurSr62 variants in Nicotiana benthamiana
leaves or oat (Avena sativa) protoplasts did not
cause cell death (fig. S7). This suggests that the
Sr62™-induced immune response in wheat may
require other proteins that are not conserved in
these more distantly related species.

The SR62 locus comprises a digenic module
encoding a TK and an NLR

To identify other wheat genes involved in Sr62
resistance, we reexamined seven putative ethyl
methanesulfonate (EMS)-induced suscepti-
ble mutants derived from the wheat Aegilops
sharonensis introgression line Zahir-1644
that appeared to maintain wild-type Sr62™%
sequences based on RNA-seq analysis (I8).
We reevaluated the phenotypes and sequences
of these mutants aided by additional whole
genome shotgun sequencing and a high-quality
Zahir-1644: genome assembly (Contig N50, 21 Mb)
(tables S1 and S2). Four partially or completely

SCIENCE science.org

susceptible mutants were confirmed to encode
intact Sr62™% open reading frames (mutants
119d, 267d, 200h, and 1298e; Fig. 2A, tables S3
and S4, and data S1). All four mutants con-
tained missense (119d and 1298e) or nonsense
(267d and 200h) mutations in an NLR-encoding
gene 20.4 kbp distal to Sr62’% (18) (Fig. 2, B
and C; table S4; and data S1). This gene en-
codes a predicted 1040-amino acid protein
with domains resembling a CC domain, two
nucleotide-binding domains (NBD1 and NBD2),
a helix domain (HD1), a winged helix domain
(WHD), and 12 leucine-rich repeats (Fig. 2, B
to D; fig. S8, A and B; and table S5). We back-
crossed the four mutant lines with Zahir-1644
and genotyped susceptible and resistant BC,F,
plants (table S6) by bulk exome-capture se-
quencing and/or polymerase chain reaction
and Sanger sequencing of individual plants.
In all cases, we observed complete cosegrega-
tion between susceptibility and the NLR mu-
tations (table S7 and data S1). No other genes
containing mutations in three or four mutants

were identified (table S8). Phylogenetic anal-
ysis of NLRs in wheat landrace “Chinese Spring”
showed that S762"V"% belongs to a clade of NLRs
each containing an additional NBD (fig. S9).
Transient expression of AvrSr62-7 induced
cell death in wild-type Zahir-1644 protoplasts
but not in protoplasts of NLR-mutant Zahir-
1644 lines (Fig. 2E and figs. S10, A and B, and
S11). However, coexpression of the wild-type
NLR gene with AvrSr62-7 did induce cell death
in protoplasts from 267d, 1298e, and 200h mu-
tant lines (Fig. 2E and fig. S10, A and B). These
experiments confirmed the requirement of this
NLR for Sr62 function. Previously, we trans-
formed Sr62’¥ into wheat cultivar (cv.) Fielder
and recovered disease-resistant transgenics (18),
suggesting that the ortholog of this NLR gene on
chromosome 1D of Fielder (94.6% amino acid
identity; fig. S8C) supports Sr627 resistance
function. We confirmed this by transient com-
plementation with the Fielder NLR in proto-
plasts from the 267d mutant line (Fig. 2E).
Lastly, transient coexpression of Sr62%, the
Fielder NLR, and recognized AvrSr62 variants
resulted in cell death in N. benthamiana and
N. tabacum (Fig. 2F and fig. S10, C to E). The
AvrSr62-5 and AvrSr62-7 variants induced sig-
nificantly stronger cell death responses than
AvrSr62-1 and AvrSr62-4 (fig. S10C), consistent
with the protein interaction and viral infection
data (Fig. 1C and figs. S5 and S6). These results
indicate that the SR62 locus comprises a digenic
module encoding a TK and a linked NLR, which
we designated Sr62™ and Sr62™V %, respectively.

Sr62™ and Sr62MN'R work together
in AvrSr62 detection

Split luciferase complementation assays (25)
showed that coexpression of AvrSr62-7 with
Sr62™ and Sr62™F fused to the N- and C-
terminal domains of luciferase, respectively,
induced an interaction resulting in strong lu-
minescence (Fig. 3A and fig. S12, A and B).
Coexpression of the unrecognized AvrSr62-2 did
not result in luciferase activity, and AvrSr62-7
did not induce interaction between Sr62™ and
the unrelated NLR Sr35 (fig. S12A). Similarly,
coexpression of the recognized AvrSr62-5 and
AvrSr62-7 proteins led to enhanced co-IP of
Sr62MR by Sr62™ compared with coexpression
with unrecognized AvrSr62-2 and AvrSr62-6 or
control proteins (fig. S12, C and D). These re-
sults suggest that recognized AvrSr62 proteins
promote an interaction between the Sr62™%
and Sr62™R that activates immunity.

The recognized AvrSr62 variants interacted
with the N-terminal kinase 1 domain of Sr62™%,
but not with the C-terminal kinase 2 domain
in yeast-two-hybrid (Fig. 3B), in planta two-
hybrid and co-IP assays (figs. S13 and S14). No
interaction was detected between AvrSr62
proteins and Sr62™ R in yeast or in planta two-
hybrid experiments (Fig. 3B and fig. S15). The
individual kinase 1 and kinase 2 domains
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Fig. 2. Discovery of an NLR essential for the function of the Sr62 TK.

(A) Infection types of the wheat Ae. sharonensis introgresion line Zahir-1644,
the recurrent parent cv. Zahir, and EMS-derived mutants inoculated with
Puccinia graminis f. sp. tritici (Pgt) race TTKSK. Scale bar, 1 cm. (B) The Sr62MtR
is flanked by the paralogous Sr62™ and WTK3 (Pm24/Rwt4 orthologs).

(C) Sr62"F gene structure with predicted nucleotide changes caused by
EMS-derived loss-of-function mutations (top two lines) and corresponding amino
acid changes (bottom line). Colored and white boxes represent predicted
translated and untranslated exons, respectively, whereas black connecting lines
represent introns. The predicted structural domains encoded by the exons are
colored and labeled: CC, orange; NBD1, yellow; NBD2, green; HD1, red; WHD,
blue; and leucine-rich repeat (LRR), purple. (D) AlphaFold-predicted structure of
Sr62"R colored by domains as in (C). (E) Protoplasts of BC1F2 lines derived

from the Zahir-1644 Sr62"R 267d mutant line and either homozygous
susceptible (267d S) or resistant (267d R) were cotransformed with a Luciferase
construct and either AvrSr62-2 or AvrSr62-7 with or without Sr62"F. Graph
shows the mean (dark green circle) luminescence of three biological replicates
(green diamonds) with the standard error indicated (black line) on a logarithmic
scale. Samples marked by identical letters in the plots do not differ significantly
(P < 0.05; ANOVA, Tukey post hoc test). Sr62"R@ and Sr62"R> denote

Ae. sharonensis and T. aestivum cv. Fielder chromosome 1D alleles, respectively.
(F) Coexpression of Sr62™, Sr62"? and AvrSr62 induces cell death in

N. benthamiana. Sr62™ and Sr62MR are fused to 3 x hemagglutinin tag at the
C terminus. AvrSr62 effectors are fused to a YFP tag at the N terminus and
immunoblot detection of protein accumulation is shown in fig. S7C. Quantification
of cell death results shown in fig. S10C.

interacted with each other in co-IP and in planta
two-hybrid assays (Fig. 3C and fig. S16), and full-
length Sr62™ and the kinase 1 domain self-
associated (Fig. 3D and fig. S17). Coexpression of
the recognized AvrSr62-5 or AvrSr62-7 proteins
suppressed the association between Kinase 1
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and kinase 2 fragments, whereas the unre-
cognized AvrSr62-2 had no effect on this inter-
action (Fig. 3C and fig. S16), and kinase 2
expression did not affect the kinase 1-AvrSr62
interaction (fig. S18). Sr62™ self-association was
not affected by AvrSr62 coexpression, where-

as kinase 1 self-association was enhanced in
the presence of AvrSr62-5 but not AvrSr62-2
(fig. S17).

We next investigated molecular interac-
tions between Sr62'% and Sr62™R. Coex-
pression of kinase 2, but not kinase 1, with
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Fig. 3. Sr62" kinase 1 and kinase 2 regulate AvrSr62-induced recruitment
of Sr62"'R to induce cell death. (A) Split-luciferase complementation in

N. benthamiana leaves coinfiltrated with Agrobacteria containing different constructs
were imaged at 48 hours postinfiltration (example, top) and quantified (bottom):
mean (green circle) of three biological replicates (green diamonds) with standard
error shown as error bars. Identical letters indicate no significant difference (P <
0.05; ANOVA, Tukey post hoc test). This was repeated with more controls in fig. S12.
nLUC, N-terminal luciferase; cLUC, C-terminal luciferase; RLU, relative light units.
(B) Yeast two-hybrid assay of Sr62"F and Sr62™ kinase 1 and kinase 2 fused to
GAL4 AD and AvrSr62 fused to GAL4 DNA BD. (C) Plant two-hybrid betalain
accumulation observed in leaves expressing UAS-Ruby with kinase 1 fused to BD
and kinase 2 fused to VP16 and expressed with AvrSr62 variants or VP16-AvrP
(negative control). Imaged at 3 days postinfiltration (top). Extracted betalain was
quantified (bottom) from =6 biological replicates (diamonds) with the average
(circle) and standard error shown as error bars. Identical letters indicate no
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significant difference (P < 0.05; ANOVA, Tukey post hoc test). (D) Coimmunopre-
cipitation of myc-tagged Sr62™ and Sr43 (negative control) transiently expressed in
N. benthamiana with HA-tagged Sr62™ green fluorescent protein (GFP), and
GFP-tagged AvrSr62 variants. Total protein extracts immunoprecipitated with an
anti-HA antibody were immunoblotted with anti-GFP, anti-Myc, or anti-HA
antibodies. (E) Sr62"R transiently expressed in N. benthamiana with kinase 1,
kinase 2, AvrSr62 variants, or YFP. Sr62MNR kinase 1, and kinase 2 were tagged
with HA at the C terminus, whereas AvrSr62s were tagged with YFP at the

N terminus. Fig. S20A shows cell death quantification. (F) Co-IP of YFP-tagged
Sr62™ kinase 1, and kinase 2 transiently expressed in N. benthamiana with
HA-tagged Sr62"-R® lacking the first o helix (dalSr62MF). Total protein extracts
were immunoprecipitated with anti-GFP beads (IP), followed by immunoblotting with
anti-GFP and anti-HA antibodies. HA-tagged L6TIR Glu'*°Ala (42) was used as
negative control. Protein expression immunoblots are shown in figs. S15A [for (B)],
S7D and S13D [for (C)], and S6C and S17A [for (E)].
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Sr62MR induced a strong cell death response
in N. benthamiana and N. tabacum (Fig. 3E
and fig. S19A). This effect was dependent on
an intact o1 helix in Sr62™™® (fig. S19B), which
is required for NLR resistosome signaling ()
and was not observed with unrelated NLRs,
Sr33 and Sr50 (fig. S19C). However, coexpres-
sion of kinase 1 with kinase 2 and Sr62™%
strongly suppressed cell death (Fig. 3E and
fig. S19A), suggesting that kinase 1 negatively
regulates kinase 2 activation of Sr62™®. Addi-
tional coexpression of the recognized AvrSr62-5,
but not the unrecognized AvrSr62-2, restored
the cell death response. This indicates that
AvrSr62-5 detection by kinase 1 releases its
inhibition of kinase 2 (Fig. 3E and fig. S20A).
Similar results were observed in wheat proto-
plast assays (fig. S20, B and C), and co-IP ex-
periments showed interactions between kinase 2
and Sr62N'®R (Fig. 3F). Overall, these data sug-
gest that interaction of a recognized AvrSr62

Fig. 4. Predicted structures,
interactions, and amino acid
variability in the “Sr62

complex.” (A) AlphaFold-

predicted structure of the Sr62™
homodimer, with each monomer
subunit represented in gray or

blue. Sr62™ dimerization is medi- B
ated by kinase 1-kinase 2 and

kinase 1-kinase 1 interactions.

(B) Interaction of two AvrSr62-5
proteins (light purple) with the

Sr62™ kinase 1 homodimer,

colored according to amino acid
variability. (C) The extended B
finger structure mediating Sr6
homodimerization through the
conserved Bl and effector interac-
tion through the variable p2.

(D) Interaction of Sr62™ kinase 2
with Sr62"R between the NBD2
domain of the Sr62NR. The
distribution of amino acid varia-
bility [(B) to (D)] is based on
sequence comparison of Triticum
and Aegilops homologs.

2TK

protein with the kinase 1 domain disrupts an
intramolecular interaction in Sr62™%, which
allows Kkinase 2 to interact with and activate
Sr62™ R,

AlphaFold (26) was used to predict three-
dimensional protein structures and inter-
actions (Fig. 4 and figs. S21 and S22). The
predicted scores for the structures and their
interactions (fig. S21 and tables S9 and S10)
supported our experimentally derived model by
confidently predicting kinase 1 homodimeriza-
tion, Kinase 1 and kinase 2 heterodimerization,
and kinase 2 and Sr62™® heterodimerization.
AlphaFold also predicted associations between
Kkinase 1 and the recognized AvrSr62-1, AvrSr62-4,
AvrSr62-5 and AvrSr62-7 effectors, whereas
the predictions with the other family members
showed weaker scores (fig. S22, E to H versus I
to K, respectively, and table S10). The predicted
kinase 1 structure contains all features needed
for catalysis (including a P-loop and catalytic

Amino acid variability

B B
» »

GYCRHTOSEVFELKGESIFAQVRERLICT

100
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residues Lys®® and Glu®®), whereas key cata-
lytic features were absent in kinase 2, suggest-
ing that it is a pseudokinase (15).

Compared with canonical kinase folds, the last
two B strands of the predicted kinase 1 N-lobe
extend by eight residues each, forming an un-
usual B hairpin finger structure (termed B
finger; residues 100 to 128). (Fig. 4, B and C).
The first strand of this f finger contributes to
the predicted homodimerization interface of
kinase 1 (Fig. 4C and fig. S22L), whereas the
second strand plays a key role in the predicted
binding of the effector molecules through a
mostly hydrophobic interaction (Fig. 4B and
fig. S23). The position of kinase 2 in the highest-
scoring AlphaFold Sr62™ homodimer pre-
dictions largely overlapped with the position
of the effectors (Fig. 4 and fig. S22, L. and N),
suggesting that recognized AvrSr62 effectors
compete with kinase 2 for the same site on
kinase 1. The relevance of predicted interaction

Kinase 2 ,
o
) ¥ d

Sr62"-" NBD2
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sites was supported by EMS-induced muta-
tions of $r62™% and Sr62™R (fig. S24). For
example, Glu'Lys in Sr62™ disrupts the puta-
tive homodimer interaction surface, whereas
Thr%?"Met perturbs the kinase 2 surface that
binds to kinase 1 and Sr62™'R.

We further tested these structural models by
generating mutants with multiple amino acid
substitutions in the predicted interaction sites
(figs. S25 to S27). Sr62™® mutants Phe®Ala/
Trp*'Asp (fig. $25A) and Lys?*Glu/Ser*>"Tyr/
Tyr'“'Ala (fig. $25B) in the predicted kinase 1-
kinase 1 interface (fig. S25C) disrupted self-
association of Sr62™ in co-IP and in planta two-
hybrid assays (fig. S28, A and B), supporting
their role in homodimerization. Sr62™-Phe®Ala/
Trp®'Asp also lost the capacity to respond to
AvrSr62-5, whereas Sr62™-Lys™*Glu/Ser* Tyr/
Tyr'®Ala was autoactive (fig. S28C), possibly
because it disturbs the position of the  finger
and disrupts the kinase 2 interaction. Muta-
tions of the predicted kinase 1-effector interac-
tion site in Sr62™ (Phe"°Asp/Leu"?Ala/Lys">Ala)
(fig. S27, A and B) or AvrSr62-5 (Ile®Asp/
Val®’Asp/Trp®Asp) blocked or attenuated the
interaction between these two proteins in
yeast and in planta two-hybrid experiments
and by co-IP (fig. S29 and S30). The mutated
AvrSr62-5 also failed to trigger cell death
when coexpressed with Sr62™% and Sr62N'®
in N. benthamiana (fig. S31), whereas the
Sr62"-Phe'"°Asp/Leu'?Ala/Lys"®Ala mutant
was autoactive, likely because it also disrupted
the Kinase 1-Kinase 2 interaction (figs. S26, A
and B, and S31), which also involves the  finger
region. Mutations in other Kinase 1 sites pre-
dicted to interact with kinase 2 also resulted
in autoactivity of Sr62™™ (fig. $32). These mu-
tations also disrupted interaction between
kinase 1 and kinase 2 fragments in in planta
two-hybrid assays (fig. S33) and disrupted
the ability of kinase 1 to suppress kinase 2
autoactivity (fig. S34). Similarly, mutations
in the corresponding regions of kinase 2 also
disrupted the kinase 1-kinase 2 interactions
(figs. S26C and S35). However, in the context
of the full-length Sr62"%, three of the four
kinase 2 mutations led to loss of (Val*??Asp/
Val®®°Asp, Lys®®*Ala/Lys®*%Ala/Lys®®?Ala) or
reduced (Ser588Gly/Val589Gly/Val590Gly) func-
tion rather than autoactivity (fig. S36A). This is
likely because these residues are also involved in
interaction with the Sr62NLR, as these mutations
also led to loss of or reduced cell death induction
by the kinase 2 fragment when coexpressed
with Sr62N'R (fig. S36B) and also disrupted
interaction of the kinase 2 fragment with
Sr62™MR (fig. S37A). This is consistent with the
AlphaFold prediction that kinase 2 uses over-
lapping surfaces to bind to both kinase 1 and
the NBD2 and HD1 domains of Sr62™"%, The
exception was the Asp*®Ala/GIn***Ala/Lys**°Ala
mutation which had no effect on Sr62™ or
kinase 2 function. Co-IP experiments with dif-
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ferent fragments of the Sr62™"* supported an in-
teraction between kinase 2 and the NBD1+NB2
region (fig. S37B). Lastly, a Leu*®°Ala mutation
in the predicted kinase 2 interaction surface
of the Sr62™"® NB2 region abolished its ability
to induce cell death (fig. S38).

Sr62™ and Sr62™® homologs showed sub-
stantial natural variation in 76 genome as-
semblies from Triticum and Aegilops genera,
with 19 and 25 distinct variants, respectively
(figs. S39 and S40 and table S11). A polymor-
phic hotspot in kinase 1 coincides with the
putative AvrSr62 interaction surface (Fig. 4, B
and C), suggesting that effector variation drives
selection for variation at this site. By contrast,
Kinase 2 and the NLR are largely conserved
(Fig. 4D).

Discussion

The present computational and experimental
analysis of the digenic wheat stem rust resist-
ance locus SR62 are consistent with the work-
ings of a new multistep immune switch (fig.
$41). In our model, Sr62™¥ exists as a homo-
dimer in which the N- and C-terminal kinases
interact with each other in the inactive state.
AvrSr62 effector binding to the N-terminal
kinase 1 B finger (“sensor”) competitively inhib-
its the kinase 1 (“repressor”) interaction with
the kinase 2 pseudokinase domain (“activator”).
This allows kinase 2 to recruit and activate
Sr62™R (“executor”) to trigger immune signal-
ing. In this model, the recognition step is fa-
cilitated by an overlap in the binding site on
kinase 1 for binding AvrSr62 and kinase 2,
and the activation step, by an overlapping
binding site on Kkinase 2 for binding Kkinase
1 and Sr62™®. Given that the kinase 1 catalytic
site mutation Asp'”’Asn disrupts Sr62™ func-
tion (I8), phosphorylation events may also
contribute to the activation process. S7627 is
located 20.4 kbp proximal to the Sr62"“%, The
allelic powdery mildew- and wheat blast-
resistance genes Pm24 and Rwt4, respective-
ly, are Sr62™ paralogues that reside 151.4 kbp
distal to the Sr62™% (16, 27) (Fig. 2B). Concomi-
tantly, Lu et al. (28) found that Pm24 and Rwt4:
signal through the same NLR as Sr62™%,
Kinases play important roles in plant
signaling, including in pathogen-associated
molecular pattern-triggered immunity (29),
making them prime targets of pathogen viru-
lence effectors (30). In some cases, these effec-
tors can be recognized indirectly by kinase
decoys guarded by NLRs to induce immunity
(2, 3). Thus, wheat TKs may represent decoys
that activate a guard NLR when targeted by a
pathogen effector. This would be akin to the
tomato Prf/Pto system, in which the PrfNLR-
encoding gene is embedded within a locus of
Pto kinase homologs, which act as decoys for
bacterial effectors that target host kinases (8).
However, the observation that Sr62™ uses an
unusual B finger extension to recognize AvrSr62

and adopts a multistep activation process involv-
ing separate recognition and activation domains
(fig. S41) suggests a specialized role of this TK
in effector recognition and transfer of a signal
to the NLR. Sung et al. (31) also found that
RWT4 binds to its ligand AvrPWT4 through a
similar extended f finger. Thus, these proteins
may represent a specialized sensor TK and helper
NLR immune recognition system similar to
paired sensor and helper NLRs (71, 32), which
has expanded in the Triticeae family as genetic
determinants of resistance to diverse fungi. This
distinction may be resolved through identifica-
tion of host targets of AvrSr62 and AvrPWT4.
It is not known whether other wheat TK and
kinase fusion proteins require NLRs for their
function or whether such NLRs are encoded
by physically linked genes.

We observed extensive haplotype variation at
the SR62 locus in wheat. It is possible that not
all the Sr62™ R variants would support Sr62™%
function. In natural populations and breeding
programs, digenic modules ensure coinheri-
tance of functionally coadapted genes. By ex-
tension, when using two-component resistance
determinants in multiresistance gene stacks
(83), it will be important to ensure inclusion of
both components in the stack. Although both
alleles of the AvrSr62 locus in the Pgt21-0 and
Ug99 strains encoded recognized variants of
AvrSr62, the AvrSr62-1 and AvrSr62-4 variants
in the shared A nuclear haplotype showed
weaker recognition in several assays than the
AvrSr62-5 and AvrSr62-7 variants encoded
by the B and C haplotypes. Thus, it is unclear
whether these strains are homozygous or het-
erozygous for functional avirulence alleles. In
conclusion, Sr62™ and Pm24/Rwt4 repre-
sent a pathogen resistance mechanism char-
acterized by the interaction of kinase fusion
proteins and NLRs.
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HYDROLOGY

Abrupt sea level rise and Earth’s gradual
pole shift reveal permanent hydrological regime

changes in the 21st century

Ki-Weon Seo’*t, Dongryeol Ryu?*+, Tachwan Jeon®, Kookhyoun Youm®, Jae-Seung Kim'3,
Earthu H. Oh’, Jianli Chen***%, James S. Famiglietti’, Clark R. Wilson®

Rising atmospheric and ocean temperatures have caused substantial changes in terrestrial water circulation
and land surface water fluxes, such as precipitation and evapotranspiration, potentially leading to abrupt
shifts in terrestrial water storage. The European Centre for Medium-Range Weather Forecasts (ECMWF)
Reanalysis v5 (ERA5) soil moisture (SM) product reveals a sharp depletion during the early 21st century. During
the period 2000 to 2002, soil moisture declined by approximately 1614 gigatonnes, much larger than
Greenland’s ice loss of about 900 gigatonnes (2002-2006). From 2003 to 2016, SM depletion continued, with
an additional 1009-gigatonne loss. This depletion is supported by two independent observations of global mean
sea level rise (~4.4 millimeters) and Earth’s pole shift (~45 centimeters). Precipitation deficits and stable
evapotranspiration likely caused this decline, and SM has not recovered as of 2021, with future recovery unlikely

under present climate conditions.

rought is an emerging climatic and hydro-

logic disaster that has affected humans

and ecosystems over the past several dec-

ades (I-3). Extended periods of precipita-

tion deficit, associated with abnormally
high barometric pressure over the continents
and with anomalous sea surface temperatures,
are main contributors to drought conditions
(4, 5). Increasing air temperature also increases
evapotranspiration as an additional contributor
to drought (6, 7). The frequency of once-in-a-
decade agricultural and ecological droughts
has increased by a factor of about 1.7 compared
with the 1850-1990 mean. Drought frequency
is projected to further rise in accordance with
various warming scenarios (8).
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Unlike other natural disasters such as earth-
quakes and floods, drought events develop more
gradually (9). Generally, droughts commence
with precipitation deficits, leading to the de-
pletion of terrestrial water storage (TWS), in-
cluding soil moisture (SM), groundwater, and
water in streams and lakes (10). However, chal-
lenges in measuring TWS, especially ground-
water and root-zone SM, limited understanding
of hydrological depletion at continental scales
until the development of satellite gravity mis-
sions. Observations from the Gravity Recovery
and Climate Experiment (GRACE) (May 2002
to May 2017) and GRACE Follow-On (June 2018
to present) provide continental-scale observa-
tions of TWS variations, serving as an indicator
of hydrological drought (11). GRACE observed a
gradual global depletion of TWS from 2005 to
2015 of approximately 1287 gigatonnes (Gt) of
water, equivalent to about 3.52 mm of global
mean sea level (GMSL) rise (12). An important
question is whether global TWS depletion is
linked to decadal climate variations or to longer-
term changes associated with a warming climate.
Since the late 1990s, there have been reports of
considerable declines in evapotranspiration as-
sociated with decreasing SM (13) and increas-
ing atmospheric vapor pressure deficit (VPD)
(14). These abrupt changes imply a gradual de-
cline in global TWS and a more permanent shift
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Fig. 1. GMSL anomalies observed and derived from SM change. GMSL variations due to ERA5-Land SM
change (black) and GRACE-derived SM change (blue) and from 30-day means of altimetry datasets from
AVISO, NOAA, and CU (gray). The January 1993 to December 1999 trend was removed from the altimetry
time series. Annual components were removed from the three curves. Vertical offsets were added to the blue
and black curves to facilitate comparison with the gray line.
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Fig. 2. Maps of global SM changes. (A and B) Mean SM variations during (A) 2003-2007 and (B)
2008-2012 relative to 1995-1999. Dark gray indicates areas where the change in SM was statistically not

significant (p > 0.05).

in other TWS components, such as streamflow,
during the same period (75). A limitation of
using satellite gravity observations to address
these questions is that they have only been
available since 2002.

Variations in GMSL observed by satellite al-
timeters are likely an important indicator of
permanent TWS changes, because ocean mass
increases as TWS declines (76). Additionally,
TWS changes before the GRACE era can be in-
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ferred from observations of Earth’s polar motion
(PM). For example, groundwater extraction that
led to TWS changes during the pre-GRACE era
was confirmed by PM changes (7). Given that
PM is influenced by mass redistribution within
the Earth system, a comprehensive approach
involving diverse models and observations of
the atmosphere, hydrosphere, and lithosphere
is essential for understanding observed PM. In

this study, we used both GMSL and PM data

from 1992 to 2016 to understand global TWS
depletion patterns in the European Centre for
Medium-Range Weather Forecasts (ECMWF)
Reanalysis v5 (ERA5) Land SM product (I8).

Depletion of TWS

We calculated global SM variation, excluding
Antarctica and Greenland, using the ERA5-Land
SM data, averaged monthly from January 1979
to December 2016 (19). This ERA5 product es-
timates water within the upper 289 cm in four
discrete soil layers simulated by the Carbon-
Hydrology-Tiled ECMWF Scheme for Surface
Exchanges over Land (CHTESSEL). Soil water
leaving the bottom layer is treated as subsur-
face runoff because there is no provision for
groundwater storage in aquifers. Groundwater
recharge and abstraction were estimated by the
global hydrological model PCR-GLOBWB sepa-
rately (20, 21). Comparison of the ERA5-Land
SM (top layer, O to 7 cm) with microwave satel-
lite SM retrievals (v202212) from Copernicus
Climate Change Service (C3S) Climate Data
Store (CDS) over 1979 to 2022 shows consistent
temporal patterns between them, indicating
no artificial changes in ERA5-Land SM from
the reanalysis scheme (fig. S1). Other commonly
used land surface models—Noah version 3.6, VIC
version 4.1.2, and CLSM version 3.6 of NASA’s
Global Land Data Assimilation (GLDAS, versions
2.0 and 2.1), as well as MERRA-2 of Global Mod-
eling and Assimilation Office (GMAQO)—resulted
in large discrepancies in SM contributions to
GMSL and PM, particularly before the GRACE
monitoring period, and were consequently ex-
cluded from our analysis (see section Discus-
sion and conclusion).

The black line in Fig. 1 shows ERA5-Land SM
contributions (relative to the mean value for
1993-1999) to change in GMSL (see methods).
Annual components were removed. During the
period 1979-2016, the increase in GMSL from
SM depletion is estimated at 10.78 mm, corre-
sponding to a loss of 3941 Gt of water from the
continents. A substantial portion of SM deple-
tion (1614 Gt) occurred within the short period
2000-2002. From 2003 to 2016, Fig. 1 shows that
depleted SM has not returned to its previous level
and that the depletion has even steadily inten-
sified, yielding an additional 2.76 mm of GMSL
rise (equivalent to 1009-Gt SM depletion).

The rapid GMSL rise (2000-2002) is evident
in satellite radar altimetry observations. The
gray line in Fig. 1 shows satellite radar altimetry
GMSL from January 1993 to December 2016.
The altimetry series is the 30-day mean of esti-
mates from three groups: Archiving, Validation
and Interpretation of Satellite Oceanographic
data (AVISO); the National Oceanic and Atmo-
spheric Administration (NOAA); and the Uni-
versity of Colorado (CU) (fig. S2). We removed
the linear trend of the period 1993-1999 from
the altimetry time series to show the anom-
alies of interest. The trend includes effects from
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Fig. 3. PM excitation components derived from SM changes. Gray lines show the two components of
residual PM excitation (difference between observed and estimated) in fig. S5. SM contributions to y; and 2
were excluded in the estimation. The red lines are excitations derived from ERA5-Land SM variation.
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Fig. 4. Anomalies of global water balance components in 1979-2021 derived from ERA5-Land, excluding
Greenland and Antarctica. (A) P, ET, and PET anomalies. (B) Water balance (WB) estimated as P-ET.

(C) SM content. Anomaly values were calculated by subtracting the mean of each variable for 1979-1999. Here,
positive values for ET indicate evaporation, and negative values indicate condensation to the ground.

land ice mass loss and steric sea level changes.
The detrended altimetry series also shows anom-
alies due to other causes such as El Nind-Southern
Oscillation (ENSO) events (e.g., 1997-1998, 2010-
2012, and 2014-2016) (8) and other sources.
Nevertheless, the altimetry series shows an in-
crease for 2000-2002, consistent with varia-
tions derived from the ERA5-Land SM data.
Note that the increasing deviation of the gray
line (altimetry sea level change) from the black
line after 2010 is due mostly to larger GMSL rise
resulting from ice mass loss acceleration in
Greenland and Antarctica (22).

The steady decline of SM (2003 and onward)
after the abrupt loss of SM in 2000-2002 is also
supported by GRACE observations (see fig. S3).
The blue line in Fig. 1 shows GMSL variations
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associated with SM estimated from GRACE (12)
during 2003-2016 after correction for other ef-
fects, including the Greenland and Antarctic ice
sheets (22), mountain glaciers (23), snow (I18),
groundwater (20), and dams (24). The estimated
SM contribution to GMSL rise is about 0.23 +
0.09 mm/year, close to that from ERA5-Land
SM data (0.19 + 0.04 mm/year) during the same
period, confirming that depletion intensified
after the abrupt loss of SM during 2000-2002.

Apparently, SM depletion during the early
21st century was a global event. Figure 2A shows
mean SM for 2003-2007 relative to that for
1995-1999, estimated by ERA5-Land. Large re-
gions in East and Central Asia, Central Africa,
and North and South America show pronounced
depletion. By contrast, replenishment of SM

occurred in relatively small portions of South
America, India, Australia, and North America.
Between 2000 and 2002, the estimated loss of
SM was approximately 1614: Gt, contributing to
a GMSLrise rate of about 1.95 + 0.29 mm/year.
Considering a GMSL increase of around 0.8 mm/
year from Greenland ice loss (25), recognized
as the largest source of GMSL rise over the
past few decades, a rapid global SM decline
and consequent GMSL rise during the early
21st century is notable.

The regions of pronounced SM decline expanded
further in Central Asia and South America dur-
ing 2008-2012 (Fig. 2B). As a result, when the
comparison periods are extended to 2003-2021
for test and 1979-1999 for reference (see fig. S4),
areas of SM depletion grow much larger to cover
East and Central Asia, Europe, Central Africa,
Eastern US, and South America. This is consistent
with observed GMSL that indicates continued
decline of global SM after the abrupt loss in
2000-2002.

To substantiate the ERA5-Land SM shift and
corresponding GMSL variations, we examined
PM, measuring changes in Earth’s rotational
pole relative to its geographic pole. PM was shown
to undergo an observable change from global
groundwater loss during the period 1993-2010
(17). The red lines in Fig. 3 are two PM excitation
terms, x; and Y, calculated from SM variations
that are shown in Figs. 1 and 2. The PM excita-
tion terms are given in milliarcsecond (mas)
along the Greenwich meridian and 90° east
longitude, respectively. The estimated y; and y»
from ERA5-Land SM variations are compared
with the observed PM excitation terms after
removing all contributing factors except for
SM in the gray lines. The observed PM excitation
terms and their estimates from all contributing
factors, excluding SM, are shown in fig. S5 as
gray and red lines, respectively (see methods).
The “residual” in Fig. 3 (gray lines) is the dif-
ference between the observed (gray lines) and
estimated (excluding SM, red lines) PM exci-
tation terms from fig. S5. The PM excitation
terms estimated from SM (red line in Fig. 3)
vary closely with the residual excitation terms
(gray lines), supporting our hypothesis that the
global SM variation estimated by ERA5-Land is
consistent with the observed PM changes.

Gray and red lines for y, show that Earth’s
pole shifted about 45 cm (~15 mas) up to 2012.
Variations of x; and y, associated with SM
variations may not necessarily correlate with
GMSL variations in Fig. 1. This is because x; and
X are sensitive to both the amount and location
of mass changes (see figs. S6 to S8), whereas
GMSL only accounts for the overall amount. A
similar increase during 2000-2002 in GMSL is
not evident in y, because SM declined glob-
ally. For instance, although a SM decrease in
North America during that period shifted Earth’s
pole 90° toward west longitude (i.e., y, de-
creased), a similar decline in Eurasia had the
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opposite effect, moving Earth’s pole toward
90° east longitude (i.e., x» increased) (see figs.
S6 and S8). The steady increase in y, from
2008 to 2012 shown in Fig. 2B is mostly driven
by SM variations in Eurasia that are evident in
changes in mean SM during the two different
periods, 2003-2007 and 2008-2012, relative to
1995-1999 in Fig. 2. The region experienced a
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consistent decline in SM, which extended toward
mid-latitude regions where PM is the most sen-
sitive (see fig. S6).
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(see fig. S6, which shows the modes of y; pri-
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Anomaly values were calculated as in Fig. 4.
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on PM is more strongly reflected in y, as a result.
The coefficient of determination (R?) between
observed and estimated yx, is 0.72 when the
contribution of SM is not accounted for, which
improves to 0.82 with the SM effect included.

Both GMSL and PM excitation affirm the
distinct SM variations shown in Figs. 1 and 2.
This reflects a transition to a drier hydrologic
regime since the early 21st century, which stead-
ily intensifies.

Drivers of the shift in TWS

The ERA5 global land precipitation (P) anom-
aly in Fig. 4A, relative to 1979-1999, shows a
steep decline after 2000 and remains below
the average 1979-1999 level. The rapid decline
of land precipitation from 2000 to 2002 in
ERA?5 is consistent with the sharp decline shown
in the gauge-based precipitation data from the
Global Precipitation Climatology Centre (GPCC)
and the blended gauge-satellite estimates from
the Global Precipitation Climatology Project
(GPCP) during the same period (26). The de-
clining trend in land precipitation from the
late 1990s, particularly in Africa and Australia,
resulted in a reduction in global land evapo-
transpiration from 1998 to 2008 (13). Concur-
rently, the global VPD experienced a sharp and
steady increase from the late 1990s (14).

Global evapotranspiration declines with
precipitation but with a smaller magnitude. Con-
sequently, the global water balance [precipitation-
evapotranspiration (P-ET)] anomaly drops steeply
from 2000 (Fig. 4B), mirroring the interannual
pattern of precipitation. By contrast, the po-
tential evapotranspiration (PET) anomaly has
increased significantly since the late 1990s, dis-
playing a consistent long-term pattern of in-
crease reported in a separate study of VPD trend
(14). Note that the PET in ERA5-Land is calcu-
lated separately from the CHTESSEL outputs
by making a second call to the input forcing
data from ERAS5, assuming an open water sur-
face (19). The PET anomaly is presented to show
increasing atmospheric demand for evapotrans-
piration in recent decades (14, 27).

Conversely, the ERA5-Land SM anomaly ex-
hibits a gradual decline from 2000 to 2021 after
the sharp drop in 2000-2002, with diminished
interannual variability compared to P or P-ET
owing to SM’s inherent effect of buffering short-
term climate variability. This trend may be at-
tributed to increased precipitation intensity
(8, 26) in recent decades, which typically leads
to increased runoff and reduced infiltration.

It is important to note that ERA5-Land uses
static monthly climatological mean values for the
leaf area index and surface albedo with fixed
land cover (79). Consequently, the impact of grow-
ing agricultural irrigation in regions such as
northeast China and the Western US (28, 29)
and global greening trends (30, 31) is not con-
sidered in the ERA5 results used in this work.
The inclusion of agricultural intensification
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and greening in semiarid regions may con-
tribute to a further decline in global SM.

The global pattern of ERA5-Land SM changes,
characterized by a sharp depletion in 2000 fol-
lowed by a gradual decline, is influenced by
changes in Africa, Asia, Europe, and South
America (Fig. 5). In Africa and South America,
continental-scale P anomalies exhibit a declin-
ing trend, whereas the P anomaly in Asia shows
a flat trend after a distinctive shift (decline)
around the year 2000. The ET anomaly in Africa
and South America remains mostly negative
as for P anomalies, exhibiting the P versus ET
behavior of the water-limited ET regime. The
P-ET anomaly in Africa and South America is
still determined by the anomaly of precipita-
tion that varies with large amplitudes. In com-
parison, the ET anomaly in Asia and Europe
stayed in the positive range for 2000-2021,
even in the years of large negative anomalies
of P, indicating the P versus ET pattern of the
energy-limited regime. The opposite trend in P
and ET anomalies in Asia and Europe contrib-
utes to amplifying the influence of P anomalies
on the overall water balance (P-ET) in the re-
gions. Resulting large interannual variations
of P-ET in Europe since 2000 clearly depict the
extreme drought events in the years 2003, 2007,
2011, 2015, and 2018 (32, 33).

Discussion and conclusions

Satellite gravity observations over land, exclud-
ing Antarctica and Greenland, with corrections
for mountain glaciers (23), reveal a decline in
TWS from 2005 to 2015, contributing to a GMSL
rise of 0.32 =+ 0.02 mm/year (12). Similarly,
analysis of ERA5-Land SM data indicates a
corresponding TWS depletion, with a notable
abrupt decline in SM during the early 21st
century, preceding the satellite gravity obser-
vation period. This sudden decrease in TWS,
estimated at approximately 1614 Gt, led to a
substantial GMSL rise of 1.95 + 0.29 mm/year
over 3 years (2000-2002). This rate of GMSL
rise is unprecedented when compared with
the rate attributed to Greenland ice mass loss,
which is approximately 0.8 mm/year and widely
considered to be the largest source (25). Impor-
tantly, TWS has not recovered to its previous
state since the apparent SM decrease.

Anomalous SM variations observed in ERA5-
Land data were mirrored in sea surface height
observations. Although sea surface height var-
iations are influenced by various factors (such
as ice sheet mass loss and sea water density
change), satellite altimetry observations clearly
reveal variations consistent with those predicted
from ERA5-Land SM data.

PM excitation data also support the existence
of anomalous SM variations since the beginning
of the 21st century. Because PM excitation is
influenced by both the amount and location of
mass redistribution, the expected variations as-
sociated with anomalous SM differ from those of
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sea level. For example, although global trends in
SM anomalies in Fig. 4 are mostly influenced by
trends in Africa, Asia, Europe, and, to a greater
extent, in South America, declining SM in Asia
makes a larger contribution to PM as a result of
its mid-latitude location, as shown in figs. S6 and
S8. Residual excitations, calculated by removing
estimated excitation sources except SM, are sim-
ilar to estimated contributions from ERA5-Land
SM data. Thus, both sea surface height and PM
observations support the conclusion that the
abrupt change in SM is genuine. If the abrupt
shift in SM and TWS is driven by a warming
climate and associated changes, the diminished
TWS may not be recoverable in the foreseeable
future.

Variations in SM from other commonly used
land surface models (GLDAS-Noah, GLDAS-
VIC, GLDAS-CLSM, MERRA-2) exhibit interan-
nual patterns similar to those of ERA5-Land and
depict declining TWS during 2000-2002, but
with smaller magnitudes. As a result, in contrast
to ERA5-Land, TWS is replenished in subse-
quent years, which is inconsistent with observa-
tions of sea surface heights (fig. S9) and PM (fig.
S10). Conversely, the GLDAS 2.1 CLSM model
appears to more closely agree with sea surface
height observations with a larger contribution to
GMSL from 2009 (fig. S9). However, because sea
surface height observations incorporate more
substantial effects from polar ice sheets after
2005, CLSM’s recent trend indicates an over-
estimation of the decline in SM. This is con-
firmed by the comparison between GMSL rise
associated with SM variations and GRACE ob-
servations in fig. S11.

Changes in precipitation patterns since 2000,
combined with relatively stable evapotranspira-
tion and steeply increasing VPD during the
same period, are likely the main factors for the
TWS depletion reported in our analysis. Given
that the ERA5-Land model used in this work
does not consider global greening trends (30)
and expansion of agricultural irrigation (28, 29),
the estimated change in SM is driven mainly
by the changes in precipitation and evapora-
tive demand during the analysis period. This is
consistent with previous studies that suggest a
global decline of SM over recent decades, with
expectations of further reductions as the cli-
mate continues to warm (34-37). Although a
warming climate favors increased vapor in the
atmosphere, leading to an increase in precip-
itation, the actual trend of precipitation varies
regionally. Conversely, the increasing evapo-
rative demand driven by a warming climate is
more uniformly distributed across the globe,
suggesting a more consistent and widespread
trend toward drying as temperatures rise (38).

However, the complex interplay between pre-
cipitation and evapotranspiration, influenced by
a broad range of factors, renders the impact of a
warming climate on SM highly unpredictable.
For example, although precipitation intensifica-

tion due to climate change generally increases
runoff and reduces soil infiltration (39, 40), an
increase in peak rainfall may also lower peak
runoff and increase infiltration when the inten-
sification occurs with drying soil conditions (41).
Declining pan evaporation under a warming
climate in the late 20th century, known as the
pan evaporation paradox (42), demonstrates
that reduced solar radiation (43) and wind speed
(44) can offset the effect of warming. However,
the trend has reversed to positive in the 21st cen-
tury, driven by sharply increasing VPD (45, 46).
Analysis of general circulation model simula-
tions shows that rising VPD and PET in a
warming climate not only exacerbate drying
in regions with reduced precipitation but can
also trigger drought in areas experiencing small
or even positive changes in precipitation (35).
However, the commonly used Penman-Monteith
approach may severely overestimate PET owing
to the reduced plant stomatal conductance with
increasing atmospheric CO, concentration and
subsequent improvement of plant water use
efficiency, known as the CO, fertilization (38, 47).
Interestingly, a recent study reports that global
ecosystem water use efficiency has not risen
since 2001, owing to the steeper increase of
VPD in comparison with the effect of CO, fer-
tilization, which implies continued increase of
evapotranspiration with a warming climate
(27). Accurate representation of the key factors
that influence changes in SM under a chang-
ing climate would require substantial improve-
ment in present land surface and hydrological
models. This study presents innovative methods
to estimate changes in global SM, which can
provide opportunities to evaluate and improve
the present status of modeling at continental
and global scales.
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A high-temperature nanostructured Cu-Ta-Li alloy
with complexion-stabilized precipitates

B.
M. P. Harmer?*, K. Solanki®*, K. A. Darling'*

C. Hornbuckle!, J. A. Smeltzer?, S. Sharma®, S. Nagar®, C. J. Marvel*, P. R. Cantwell?,
P.

We present a bulk nanocrystalline copper alloy that can operate at near-melting temperatures with
minimal coarsening and creep deformation. The thermal stability of the Cu-3Ta-0.5Li atomic %

(at %) alloy is attributed to coherent, ordered L1, CuslLi precipitates surrounded by a tantalum-rich
atomic bilayer phase boundary complexion. Adding 0.5 at % lithium to the immiscible Cu-Ta
system changes the morphology of the nanoscale precipitates from spherical to cuboidal while
simultaneously tailoring the phase boundary. The resultant complexion-stabilized nanoscale
precipitates provide excellent thermal stability, strength, and creep resistance. The underlying alloy
design principles may guide the development of next-generation copper alloys for high-temperature

applications such as heat exchangers.

he discovery of the gamma prime (y’)

phase and its role in Ni-based super-

alloys is regarded as one of the most

important breakthroughs in the devel-

opment of advanced structural alloys
(1, 2). The y' precipitates in superalloys in-
crease strength and decrease creep deforma-
tion at elevated temperatures, making these
alloys essential materials in power generation
and transportation applications. Careful con-
trol of coherency between the y' precipitates,
which have the ordered cubic L1, crystal struc-
ture, and the matrix leads to strengthening by
mechanisms of coherency strains that impede
dislocation motion (3, 4). This coherency re-
sults in low interfacial energies between the
precipitates and matrix, thus also increasing
the thermal stability by reducing the rate of
coarsening at elevated temperatures (5). We
recreate the superalloy approach of exploit-
ing coherency strains with the additional in-
troduction of electronic contributions from
phase boundary complexions (6-9) to develop
a nanostructured Cu-Ta-Li alloy with high-
temperature strength and creep performance.
Complexions behave in a phase-like manner
(10), affect the behavior of dislocations and
other crystalline defects (77, 12), and substan-
tially influence bulk material properties, such
as liquid metal embrittlement (13, 14). In the
present work on the Cu-Ta-Li system, a Ta-rich
bilayer complexion at the phase boundary be-
tween CusLi precipitates and the nanocrys-
talline Cu matrix enables the formation of
nanoscale CugLi precipitates as well as stab-

!Army Research Directorate, DEVCOM, Army Research
Laboratory, Aberdeen Proving Ground, MD, USA. Department
of Materials Science and Engineering, Lehigh University,
Bethlehem, PA, USA. 3School for the Engineering of Matter,
Transport, and Energy, Arizona State University, Tempe, AZ,
USA. “Department of Mechanical and Industrial Engineering,
Louisiana State University, Baton Rouge, LA, USA.
*Corresponding author. Email: mph2@lehigh.edu (M.P.H.);
kristopher.a.darling.civ@army.mil (K.A.D.); kiran.solanki@asu.
edu (K.S.)

ilizing them against coarsening at high homo-
logous temperatures.

Alloy design

Our alloy is based on the nanocrystalline Cu-
Ta model alloy system (I5), a phase-separating
alloy with a positive miscibility gap (16), which
has exhibited divergent properties under con-
ditions of quasi-static (17), dynamic, and shock
loading (I8, 19) as well as intense radiation
(20). These properties can be attributed to the
nanosized Ta-based precipitates in the Cu-Ta
alloy, which exhibit spherical morphology and,
depending on their size, either a coherent or
semicoherent relationship with the matrix
phase (21). These findings prompted a focused
effort on tailoring the formation, structure, mor-
phology, coherency relationship, and spatial dis-
tribution of related Ta-based nanoclusters
through alloying with additional dopant ele-
ments, specifically elements that are immis-
cible with Ta, soluble in Cu, and highly reducing.
Lithium meets these requirements. The addi-
tion of 0.5 atomic % (at %) Li to Cu-3Ta at %
results in the formation of a CuzLi nanopre-
cipitate phase in the Cu-3Ta-0.5Li alloy.

Structural evaluation

Our atomic-resolution images from high-angle
annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) (Fig. 1) re-
veal the structural differences between the
spherical precipitates in a Cu-Ta alloy and the
faceted CusLi precipitates in the Cu-Ta-Li al-
loy. Round precipitates are the predominant
feature of the binary Cu-Ta alloy (fig. S1, A
and C), whereas faceted precipitates are the
predominant feature of our ternary Cu-Ta-Li
alloy (fig. S1, B and D). The coherency of the
CugLi precipitates in the Cu-Ta-Li alloy is vis-
ually evident in Fig. 1B, as is the lack of co-
herency of the precipitates in the Cu-3Ta alloy
in Fig. 1A. Inverse Fourier-filtered color im-
ages (Fig. 1, C and D) emphasize the enhanced
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Fig. 1. Cuboidal precipitates in Cu-3Ta-0.5Li with a Ta-rich bilayer complexion compared with
spherical precipitates in Cu-3Ta. (A to F) Atomic-resolution HAADF-STEM images [(A) and (B)], filtered
HAADF-STEM images [(C) and (D)], and FFTs [(E) and (F)] comparing the typical spherical morphology of
Ta-rich precipitates in Cu-3Ta with the faceted, cuboidal morphology of Cu-3Ta precipitates in Cu-3Ta-0.5Li.
The original images for binary Cu-3Ta (A) and ternary Cu-3Ta-0.5Li (B), respectively. Color-filtered images
via Fourier filtering [(C) and (D)] and the respective FFTs [(E) and (F)]. In (C), the orange-colored features
represent the Cu matrix atoms, whereas the white features represent the O atoms within the precipitates.
In (D), the orange-colored features represent Cu matrix atoms, the yellow-colored features represent

Ta atoms, and the blue features represent Li atoms. In (E) and (F), the colored features represent the
reflections used to generate the inverse FFT-filtered images in (C) and (D).
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coherency in the Cu-Ta-Li precipitates as com-
pared with the precipitates in Cu-Ta, as a
periodic overlap of the matrix and particle
lattices can be seen in the CugLi precipitates in
Cu-Ta-Li.

Fast Fourier transforms (FFTs) of the HAADF-
STEM images (Fig. 1, E and F) illustrate that
the lattice parameters of both precipitates are
larger than the matrix phase. The measured
lattice misfit between the CusLi precipitates
and the matrix phase was 14.3%, whereas in
the binary Cu-Ta system, the mismatch was
22.7% (table S1). The lattice parameter of the
Cu,Li precipitates we measured was ~4.16 A.
Despite the relatively large 14.3% misfit, the
faceted CusLi precipitates remain coherent
with the matrix phase, and we did not ob-
serve misfit dislocations around the faceted
Cugli precipitates (fig. S2). We believe that
the atomic Ta bilayer surrounding the CusLi
precipitates, visible as bright atomic columns
along the facets of the precipitates in Fig. 1B,
plays a key role in maintaining coherency
across this 14.3% misfit. This can be most
clearly seen in the color-filtered HAADF-STEM
image in Fig. 1D. Moreover, because of the
high melting point of Ta (3020°C), this bilayer
of Ta serves to thermally stabilize the precip-
itates against coarsening, given the limited
mobility of Ta in the Cu matrix.

We collected additional HAADF-STEM im-
ages of the CusLi precipitate from the [110]
and [100] crystallographic directions of a face-
centered cubic (fcc) matrix grain (fig. S3). We
observed a coherent cube-on-cube crystallo-
graphic orientation relationship between the
fce matrix grains and the faceted, cuboidal
Cuglli precipitates (fig. S3, A and E). This rela-
tionship demonstrates that the CusLi precipi-
tates are cubic and coherent with the matrix.

Atom probe tomography (APT) results of the
Cu-Ta-Li confirm that Li atoms exist mainly
within Cu-rich precipitates, having a compo-
sition of ~25 at % Li and ~75 at % Cu (Fig. 2).
Furthermore, the concentrations of Li and Cu
within these precipitates vary periodically and
inversely on the atomic scale (Fig. 2D), with a
period on the order of 0.3 to 0.4 nm, sug-
gesting that the CusLi precipitates have an
ordered crystal structure with alternating Li-
rich atomic planes along the [001] crystallo-
graphic direction consisting of either nearly
100 at % Cu or ~50 at % Li and ~50 at % Cu.
This compositional variation is consistent with,
although not specific to, the Pm3m space group,
to which the ordered, cubic LI, crystal struc-
ture belongs. APT results also show that the
addition of Li to Cu-Ta reduces the average
precipitate size, as seen in the cumulative dis-
tribution plot (fig. S4), in which the fraction of
precipitate with a size of <5 nm is greatly in-
creased. This reduction in precipitate size is
accompanied by an increase in the number
density of precipitates, from 5.3 x 10*3/m? in
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Fig. 2. APT results from Cu-3Ta-0.5Li. (A) Atom map for Cu-3Ta-0.5Li displaying only the Li atoms

over the entire tip. (B) Atom map for Cu-3Ta-0.5Li displaying only the Cu atoms over the entire tip.

(C) Higher-magnification map highlighting the periodicity of the locus of Li atoms within an L1, precipitate
(delineated by a 1 at % Li isoconcentration surface); the white arrow denotes the direction of the one-
dimensional concentration profile. (D) One-dimensional concentration profile, taken by placing the region
of interest vertically through the interface between the L1, precipitate and the Cu matrix interface, showing

the periodic spacing of the Li and Cu planes.

Cu-3Tato 6.3 x 10%3/m?® in Cu-3Ta-0.5Li. More-
over, APT results demonstrate that chem-
ical order exists within the CugLi precipitates,
with Cu and Li concentrations varying peri-
odically on the atomic scale. Taken together,
the HAADF-STEM images and APT results
suggest that the CusLi precipitates have an
ordered, cubic crystal structure. This structure
is likely the L1, crystal structure, although we
cannot entirely rule out the possibility of a
different ordered, cubic structure.

Atomistic origin of the precipitate formation

To investigate the atomistic origin of CusLi
precipitate formation and stability, we applied
density functional theory (DFT) (22, 23), using
the Vienna ab initio simulation package (24). In
accordance with the experimental observations,
we modeled CusLi with the L1, crystal struc-
ture in these simulations. We performed the
interface energy and electronic charge transfer
calculations to assess the stability of CusLi and
the role of the atomic bilayer of Ta at the phase

SCIENCE science.org

boundary. First, we obtained elastic constants,
with Cj; of 107.2 GPa, Cy, of 85.6 GPa, Cyy, of
62.3 GPa, and bulk modulus of 92.8 GPa. These
constants satisfy the stability criterion for the
cubic systems; hence, we found the structure
to be stable. Next, we found the ideal work of
separation (W) to be 3.33 and 1.11 J, /m?” for a
CugLi precipitate with and without the Ta
atomic bilayer, respectively. These results sug-
gest that CusLi precipitates with the Ta bilayer
are more mechanically stable, as the Wy, is a
direct measure of the interface bond strength.
Similarly, we computed the interface energy to
be 1.11 and 4.76 J/m? for a CuyLi precipitate
with and without the Ta bilayer, respectively.
The markedly lower interface energy in the
presence of the Ta bilayer is consistent with
the stability of the CusLi precipitates, as we
observed experimentally.

To further elucidate the role of the Ta bi-
layer on the structural stability of CugLi, the
local density of states (LDOS) shows the elec-
tronic distribution of each orbital on a partic-

ular atom (Fig. 3, A to D). After analyzing the
LDOS for Ta atoms (Fig. 3, A and C), we con-
clude that in the case of Ta next to Li, a larger
contribution originates from the 6s orbital in Ta
bonding with Li (i.e., the red line in Fig. 3B).
Moreover, in the case of Ta next to Cu, the bond
formation occurs at a deeper level as compared
with Fig. 3A, which shows more bonding in the
5d,, and the 5d., orbitals (i.e., the deep blue
and cyan lines in Fig. 3A). Similarly, Li atoms
present in the CusLi cluster surrounded by an
atomic bilayer of Ta also show more states per
electron volt (Fig. 3B) than Li atoms in bulk
Cuglii in the absence of Ta (Fig. 3D). Overall,
these calculations reveal that the electronic
configuration of the Ta atomic bilayer plays a
critical role in the formation and stability of
CugLi. Furthermore, the charge transfer plot
(Fig. 3, H and J) reveals that charge is being
lost from the Ta bilayer and moving toward
the CusLi phase, and from the top layer of
CuglLi to the Cu substrate, as shown from the
top in Fig. 3, E and F, and at the interface in
Fig. 2, Gto J. A total of 8.14 electrons moved
from the top CusLi with Ta to the lower Cu
substrate, indicating a strong electron transfer.
This DFT analysis indicates that CusLi precip-
itates with the L1, crystal structure are ener-
getically favorable and that the atomic bilayer
of Ta acts as a buffer to absorb electrons from
the Cugli precipitates. The analysis further
suggests that the Ta bilayer acts to prevent the
dissolution of CugLi at high temperatures, in-
creasing the thermal stability of the alloy and
preventing the overaging typically seen in Cu
alloys at elevated temperatures.

Long-term annealing

The yield strength of Cu-3Ta-0.5Li after isother-
mal annealing at 800°C [0.8 melting tempera-
ture (7] remains almost constant regardless
of aging time, experiencing only a 4% de-
crease in its yield strength from 983 to 947 MPa
after 10,000 hours, in contrast to Cu-3Ta, whose
yield strength rises initially but ultimately drops
by 20% to ~800 MPa (fig. S5). STEM imaging
of the two alloys reveals that the Cu-3Ta alloy
(fig. S6A) suffers from abnormal grain growth
and an approximate doubling in average grain
size compared with Cu-3Ta-0.5Li (figs., S6B,
S7D, and S8C). The average grain size of the
Cu-Ta-Li alloy increased from 35 to 91 nm
(refer to histogram in fig. S7), a growth rate
equivalent to 0.035 A/hour, or ~100 hours to
grow the distance of one lattice parameter in
Cu (i.e., 3.62 A). This growth rate is one-third
that of the binary Cu-3Ta alloy. The ability of
the ternary Cu-Ta-Li alloy to maintain a uniform
grain size and to resist coarsening is attribu-
table to the coherence of the CusLi precipitates
with the matrix, the electronic contributions
from the Ta bilayer, and the tendency of the
Cu,Li precipitates to adopt discrete diameters
in a manner that inhibits coarsening.
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Fig. 3. DFT simulations of electronic and structural properties. (A) LDOS of

Ta at interface having Cu atoms as nearest neighbors (orange spheres are of Cu,
green spheres are Li, and yellow spheres are Ta atoms). (B) LDOS of Li atoms
present in CusLi with a Ta bilayer at the phase boundaries. (C) LDOS of Ta atoms
at the interface with the nearest neighbor Li atom; comparison of (A) with (C)
reveals participation from the 6s, 5d,,, and 5d,, orbitals [i.e., red, deep blue, and
cyan lines in (A) and (C), respectively] in Ta. (D) LDOS of Li in case of pure

CugLi bulk crystal; comparison of (B) with (D) reveals deeper electron occupation in
(B) and hence is electronically stable. (E) CusLi precipitate embedded in the Cu
matrix atoms, color-coded by depth into the plane; directions for matrix and

As shown in Fig. 1D, the atomic columns of
the relatively Li-rich lattice of the CugLi pre-
cipitate (blue atoms) and the Cu matrix (orange
atoms) overlap and become coincident once
every eight matrix atoms. This periodicity
suggests that the CugLi precipitates may nu-
cleate and grow in a stepwise fashion, result-
ing in a set of discrete, preferred precipitate
dimensions. On the basis of STEM analysis
of CuzlLi precipitate dimensions, the CugLi
precipitates have a multimodal size distrib-
ution with peaks centering on 1.6, 3.2, 4.8, and
6.4 nm (fig. S9). The gaps between these pre-
ferred precipitate dimensions imply that a
discontinuous energetic barrier to coarsening
exists that must be overcome for coarsening to
occur, consistent with the notable thermal
stability of the Cu-Ta-Li alloy.

We compare the yield strength at elevated
temperatures of Cu-Ta-Li, Cu-Ta, commercial
Cu alloys (25, 26), and pure Cu (27) (Fig. 4A).
Representative values of yield strength from
the commercial alloys Glidcop AL-15, GRCop-
42, GRCop-84, and NARIloy-Z were taken from
the literature (25, 26), as well as values for pure
Cu (27). These commercial alloys were chosen
for comparison because they are among the
best high-temperature copper alloys available
in terms of retaining mechanical strength at
elevated temperature. Although these com-
mercial alloys have other desirable properties
as well, such as high thermal conductivity and
oxidation resistance, we focus here on their
mechanical properties. Although their room-
temperature yield strength is lower than that
of high-strength copper alloys such as Cu-Be,
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Fig. 4. Mechanical behavior comparison of Cu-Ta-Li,

precipitate follow cube-on-cube relationship as observed in STEM imaging.

(F) Structure of the interface with color-coding applied to each atom according to
the Bader net atomic charge. (G) Valence charge transfer between the Cusli
precipitate and Ta bilayer phase boundary is shown with an isosurface value of
0.0025 e/A%; positive and negative isosurface are shown in yellow and cyan,
respectively. (H) Two-dimensional slice of the interface as that in (G); a darker
blue shade implies more charge is present at the boundary with Ta. (I) Valence
charge transfer at the cross section of the Ta boundary around the CusLi precipitate
and Cu matrix, isosurface value of 0.0025 e/A>. (J) Two-dimensional slice of the
plane in (1) shows Ta atoms in the bright red spots and Cu in the blue spots.

Creep Strain (%)

2 Cu-3at% Ta-0.5at% Li
Cu-3at% Ta
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Cu-Ta, and commercial Cu alloys. (A) Yield strength

at elevated temperatures. (B) Compressive creep behavior at 873 K (0.64 Ty;) under applied stress of 0.5 YS.

their high-temperature yield strength is supe-
rior. Compared with these high-temperature
commercial copper alloys, our Cu-Ta-Li alloy
has the highest yield strength of 1120 MPa at
room temperature, which is several times higher
than those of the commercial Cu alloys and
somewhat higher than those of the Cu-Ta al-
loys. Although Cu-Ta-Li exhibits a marked drop
in yield strength at 673 K when compared with
Cu-Ta alloys, the difference becomes smaller at
even higher temperatures. The drop in strength
of Cu-Ta-Li at intermediate temperatures is
probably linked to the highly coherent inter-
face of the CusLi precipitates. These coherent
interfaces are more prone to being bypassed

by dislocations at elevated temperatures com-
pared with the spherical Ta-rich precipitates
in the binary Cu-Ta alloys.

We obtained compressive creep strain as a
function of time at a temperature of 873 K
(0.64 Typ) at an applied stress of 0.5 of the yield
strength (0.5 YS) and compared it with Cu-3Ta
and Cu-10Ta (15) (Fig. 4B). In general, fcc mate-
rials such as Cu do not show tension-compression
asymmetry as has been demonstrated in nano-
crystalline Cu-Ta (15); therefore, the creep be-
havior in compression is comparable to tension
(28). Nevertheless, in the case of Cu-3Ta-0.5Li,
a prominent primary creep regime can be iden-
tified. Similar to the case of Cu-3Ta, the large
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primary creep strain was found to follow a
cubic-root dependence with respect to time
(t3). This behavior is consistent with the
Andrade B-flow theory (28). The primary creep
is transient in nature and eventually culmi-
nates into a steady-state creep behavior. Upon
the application of stress, certain regions within
the microstructure experience stress concentra-
tions, such as grain boundaries and triple junc-
tions. The local stresses in those regions are
higher than the applied global stress but lower
than the stress required to cause local yielding
(28). As such, the microstructure undergoes re-
laxation to overcome the local stress buildup,
which slows down with time. This relaxation
can explain the primary creep deformation
observed in Cu-Ta-Li. Thus, elevated temper-
atures and reduced stresses lead to quicker
relaxation toward equilibrium, causing the
emergence of lower instantaneous strains.
When compared with the three Cu-Ta alloys,
Cu-Ta-Li demonstrates higher resistance to
creep deformation than Cu-3Ta and Cu-10Ta
at 0.64 Ty; and 0.5 YS.

Processing and microstructure

The microstructure of the Cu-Ta-Li alloy, with
its ordered Cugsli precipitates and their Ta-rich
atomic bilayer phase boundary complexions,
was achieved via powder metallurgy and high-
energy cryogenic milling. We hypothesize that
this processing approach forces the Ta into a
metastable solid solution, and subsequent an-
nealing of the green compact enables the Ta to
diffuse small distances during the formation
of the CusLi precipitates. The Ta migrates far
enough to effectively cap the precipitates by
forming the Ta-rich bilayer phase boundary
complexion. This Ta bilayer then effectively
inhibits coarsening by slowing diffusion into
and out of the precipitates, making the over-
all microstructure highly resistant to further
changes. The combination of high-energy cryo-
genic milling and alloying with an element,
Ta, that is essentially immiscible in the base
Cu-rich phase of the alloy appears to be re-
sponsible for the presence of the Ta-rich bi-
layer complexion that enables the formation
of the CusLi precipitates, stabilizes these pre-
cipitates against coarsening, and results in
the excellent high-temperature properties of
the alloy.

Parallels with superalloys

The Cusli precipitates we discovered have
many parallels with y’ precipitates in super-
alloys; they are chemically ordered, appear to
have the same L;, crystal structure, are co-
herent with the matrix, and exhibit cuboidal
morphology. Their presence makes the Cu-
3Ta-0.5Li alloy structurally similar to y/y' super-
alloys, in which the y’ phase is the primary
strengthening phase and is largely responsible
for high-temperature properties and perform-
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ance. In addition to forming the CusLi preci-
pitates, alloying Li with Cu-Ta results in the
formation of a Ta-rich bilayer complexion that
surrounds the CugLi precipitates. This atomic
bilayer of Ta protects the CusLi nanopreci-
pitates from dissolution and overaging. Fur-
thermore, the Ta bilayer plays a key role in
maintaining coherency between the CusLi
precipitates and the matrix. These physical at-
tributes permit the Cu-Ta-Li alloy to operate in
elevated temperatures with minimal creep and
loss of strength, in a manner similar to super-
alloys albeit at somewhat lower temperatures,
thereby substantially expanding the current
application space of Cu alloys.

Conclusions

By alloying Li with Cu-Ta, we discovered a nano-
crystalline copper alloy with exceptional thermal
stability and high-temperature mechanical prop-
erties. The basis of its thermal stability and
performance is the formation of precipitates of
Cugli, which have an ordered cubic crystal struc-
ture and are capped by a Ta-rich bilayer phase
boundary complexion that forms at the inter-
face between the precipitates and the matrix.

The cuboidal CusLi precipitates exhibit a
stronger coherent relationship with the Cu
matrix than their spherical predecessors in
binary Cu-Ta and contribute to the retention
of yield strength even after long-term, high-
temperature exposure. This retention of yield
strength is attributed to the much slower grain
growth kinetics of Cu-3Ta-0.5Li, equivalent to
a coarsening rate of one Cu lattice parameter
per 100 hours at 800°C (0.8 Tyy).

The microstructure of this Cu-Ta-Li alloy
parallels the classic y/y’ structure of some tra-
ditional superalloys, which is fundamental to
the stability and performance of those super-
alloys (1, 2). Furthermore, the Cu-Ta-Li is a true
high-temperature alloy, maintaining higher
yield strength at elevated temperatures than
some of the best available high-temperature
commercial copper alloys. Although this
Cu-Ta-Li alloy is not a direct substitute for tra-
ditional superalloys, given that its poten-
tial service temperature range is on the lower
end of superalloys, it has the potential for use
alongside other superalloys in a complement-
ary role.

The alloy design strategy of alloying Cu-Ta
with Li—an element that is immiscible with
Ta, soluble in Cu, and highly reducing—could
potentially be exploited and perhaps general-
ized to develop other high-temperature alloys
with the y/y’-type microstructure and similar
microstructures that rely on thermally stable
precipitates for high-temperature applications.
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PLANT PATHOLOGY

A wheat tandem kinase and NLR pair confers
resistance to multiple fungal pathogens

Ping Lu™*t, Gaohua Zhang®31, Jing Li*t, Zhen Gong®t, Gaojie Wang’, Lingli Dong’, Huaizhi Zhang’,
Guanghao Guo?, Min Su?, Ke Wang?, Yueming Wang?, Keyu Zhu?, Qiuhong Wu®, Yongxing Chen®,
Miaomiao Li', Baoge Huang3, Beibei Li*3, Wenling Li*3, Lei Dong"3, Yikun Hou3, Xuejia Cui'3,
Hongkui Fu'3, Dan Qiu', Chengguo Yuan’, Hongjie Li®*, Jian-Min Zhou'®*, Guan-Zhu Han%3*,

Yuhang Chen?3*, Zhiyong Liu™>°*

Tandem kinase proteins underlie the innate immune systems of cereal plants, but how they initiate plant
immune responses remains unclear. This report identifies wheat protein wheat tandem NBD 1 (WTN1),
a noncanonical nucleotide-binding leucine-rich repeat (NLR) receptor featuring tandem nucleotide
binding adaptor shared by APAF-1, plant R proteins, and CED-4 (NB-ARC) domains, required for WTK3-
mediated disease resistance. Both WTK3 and its allelic variant Rwt4—known for conferring resistance
to wheat powdery mildew and blast, respectively—are capable of recognizing the blast effector PWT4.
They activate WTN1 to form calcium-permeable channels, akin to ZAR1 and Sr35. Thus, tandem kinase
proteins and their associated NLRs operate as “sensor-executor” pairs against fungal pathogens.
Additionally, evolutionary analyses reveal a coevolutionary trajectory of the tandem kinase-NLR module,
highlighting their cooperative role in triggering plant immunity.

o0 combat pathogens, plants have evolved a

highly sophisticated immune system that

includes both surface-localized and intra-

cellular receptors. Most cloned resistance

genes encode intracellular nucleotide-
binding leucine-rich repeat (NLR) receptors
(1, 2). Plant NLRs function in various forms—
singletons, pairs, or within complex networks—to
bolster plant immunity. Singleton NLRs typi-
cally trigger hypersensitive immunity by de-
tecting effectors either directly or indirectly
(3-6). NLR pairs consist of a sensor NLR that
recognizes effectors and a helper NLR respon-
sible for immune signaling (3, 7). These paired
NLR genes usually are arranged in a head-
to-head orientation in plant genomes, and
their proteins undergo hetero-oligomerization
to form “dimers of heterodimers,” which ini-
tiate immune response and cell death (7).
Within the NLR network, helper NLRs are
members of the NLR required for cell death
(NRC) family, exhibiting specificity for var-
ious sensor NLRs (3, 8).
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Upon recognizing pathogen effectors, the NLR
proteins are activated and assemble into an
oligomeric structure known as the resistosome
(9, 10). The wheat stem rust resistance gene Sr35,
derived from einkorn wheat (Triticum mono-
coccum), encodes an NLR receptor that directly
interacts with the avirulence (Avr) effector
AvrSr35, forming a pentameric complex and
conferring resistance against Puccinia graminis
f. sp. tritici (1I). By contrast, the Arabidopsis
NLR protein ZAR1 pre-associates with the pseu-
dokinase RKS1 in a complex to detect the uridylyl-
transferase effector AvrAC from Xanthomonas
campestris. The PBL2 kinase, modified by AvrAC,
is recruited to the ZAR1-RKS1 complex, ultimate-
ly forming a resistosome that functions as a
calcium channel to trigger immunity (6, 9).

Within the Triticeae tribe, tandem Kkinase
proteins are an essential family of intracellular
proteins that can contribute to plant immune
responses (12). This family encompasses a series
of wheat genes conferring resistance against
stripe rust (Yr15/WTKI) (13), stem rust (Sr60/
WTK2 and Sr62/WTK5) (14, 15), leaf rust (Lr9/
WTK6-0WA) (16), powdery mildew (Pm24/WTK3,
WTK4, Pm36/WTK7-TM, Pm57/WTK6b-0WA)
(17-20), and wheat blast (Rwt4) (21), as well as
the barley stem rust resistance gene RpgI (22).
The precise mechanisms by which tandem ki-
nase proteins mediate immune responses re-
main elusive.

A noncanonical NLR is required for
WTK3-mediated powdery mildew resistance
To identify genes implicated in the WTK3-mediated
powdery mildew resistance pathway, we ana-
lyzed 3860 M, descendants of ethyl methane-
sulfonate (EMS)-mutagenized wheat landrace
Hulutou (HLT). M, generation plants were inocu-
lated with Blumeria graminis f. sp. tritici (Bgt)

isolate E09, avirulent to Pm24 (WTK3). Among
the susceptible mutants, 16 that retained an
intact WTK3 gene were chosen for subsequent
RNA-sequencing and PCR amplification. Muta-
tions leading to amino acid substitutions were
identified in five mutants (M1048™2%F, M1116%%¢E,
M1037%L M1136%%, and M189P%%%N) of an
atypical NLR protein featuring two NB-ARC
domains (NBD) (figs. S1 and S2, A and C), here-
after referred to as wheat tandem NBD 1 (WTNT1),
located 114-kb adjacent to WTK3 on chromosome
1DS (Fig. 1, A and B). Howeyver, overexpression of
WINI alone in Fielder wheat does not confer
powdery mildew resistance (7) (fig. S3, A and B).

Two WTK3 nonsense mutants, M410" *2%*
and M1091V*™" (17) (fig. S2B) were crossed with
the five WINI mutants (Fig. 1B). All F; plants
from the ten crosses exhibited resistance to Bgt
isolate E09 (Fig. 1B). Conversely, F; plants from
half diallel crosses among the W7NI mutants
showed high susceptibility (fig. S3C), demon-
strating the essential role of WTNI in WIK3-
dependent resistance to the Bgt pathogen.

Using Barley stripe mosaic virus (BSMV)-
induced gene silencing (VIGS), WINI expres-
sion was suppressed in the resistant HLT line.
Compared with the controls plants, WINI ex-
pression in the WTNI-knockdown plants was
considerably reduced at 14 days post inocula-
tion (dpi) with Bgt isolate E09, leading to in-
creased production of powdery mildew spores
(Fig. 1, C and D).

We then developed WIINI CRISPR-Cas9 knock-
out mutants in a transgenic Fielder line, WTK3-
COM4, which carries a WTK3 transgene and
is resistant to Bgt (17). Wild-type (WT) Fielder
contains a wtk3-susceptible allele, a functional
WTNI allele on 1DS, and a homeolog, WTNI-1B,
on 1BS, which has 91.66% amino acid sequence
identity to WINI (fig. S4). Two specific guide
RNAs (gRNA1 and gRNA2, see fig. S4) tar-
geting the 5'-terminus of exon 1 of WTNI and
WTNI-1B were introduced into WTK3-COM4:
using Agrobacterium-mediated transforma-
tion. This approach yielded eight indepen-
dent knockout mutants, with KO#1 to KO#4:
being double mutants for WINI and WINI-1B,
KO#5 and KO#6 only affecting WTNI, and KO#7
and KO#8 specifically targeting WTNI-1B (fig.
S5). When inoculated with Bgt isolate E09, KO#1
to KO#6 displayed susceptibility to powdery mil-
dew, in contrast to the resistance observed in
KO#7 and KO#8, as well as in the unedited con-
trol (Fig. 1E). These findings further confirm that
WTNI is indispensable for WTK3-mediated
powdery mildew resistance.

WTKS3 interacts with WTN1

We conducted a comprehensive analysis to char-
acterize the interaction between WTN1 and
WTKS3. A bimolecular fluorescence complemen-
tation (BiFC) assay yielded yellow fluorescent
protein (YFP) fluorescence upon coexpression
of FLAG-WTK3-cYFP with WINI**-HA-nYFP,
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Fig. 1. Functional roles of tandem kinase WTK3 and NLR WTNI1 in powdery
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leaves of HLT plants, following pre-inoculation with BSMV:TaPDS or BSMV:y or
BSMV:WTNI (scale bar, 0.5cm). (D) Expression levels of WTNI in BSMV:y and

structures of tandem kinase WTK3 and NLR WTNI on chromosome 1DS, including
mutations (marked in black) and their impacts on the translated proteins in
susceptible mutant lines. (B) Comparison of powdery mildew infection on leaves of
WT HLT, susceptible mutants of WTK3 and WTNI, and their F; hybrids. Images
show representative leaves (scale bar, 0.3 cm) and Trypan blue staining to highlight
fungal structures (scale bar, 200 um). R and S indicate plant resistance and
susceptibility, respectively, to powdery mildew. (C) Disease symptoms on the third

BSMV:WTNI plants. Data are means + SEM (n = 3 biologically independent samples).
The wheat ACTINI served as an internal control. Data were analyzed by two-tailed
Student's t-test (***P < 0.001). (E) Infection phenotypes of Fielder, WTK3
transgenic line WTK3-COM4, and eight different WTNI CRISPR-Cas9 knockout
mutants (KO#1 - KO#8) (scale bar, 0.5cm). Reactions to powdery mildew were
photographed at 14 dpi of Blumeria graminis f. sp. tritici (Bgt) isolate EQ9. In (B), (C),
(D), and (E), experiments were repeated three times with similar results.

indicating an in vivo interaction between WTN1-
WTK3 (Fig. 2A). This interaction was further
confirmed by co-immunoprecipitation (Co-IP)
and split firefly luciferase complementation
(SFLC) assays in Nicotiana benthamiana leaves
(Fig. 2, B and C). Additionally, SFLC and Co-IP
assays implicated the C-terminal half of WTKS3,
WTK3-C (residues 521 to 893, Kin II domain),

SCIENCE science.org

as the specific region mediating interaction
with WTNI1 (Fig. 2, C and D). In control ex-
periments, WI'K3 did not interact with stem
rust resistance NLR protein Sr35 (11) and tan-
dem Kkinase protein WTK2 encoded by stem
rust resistance gene Sr60 (14) did not interact
with WTN1 (Fig. 2, B and C). These results dem-
onstrate an interaction between WTK3 and

WTN]1, suggesting their cooperative role in
plant immune regulation.

Rwt4/WTK3 detect avirulent protein and
induce WTN1 oligomerization

Next, we sought to unravel the functional role
and activation mechanism of WITN1. Wheat blast
resistance gene Rwi4 is an allelic variant of
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Fig. 2. WTN1 interacts with WTK3. (A) BiFC A

assay showing in vivo interaction between
WTK3 and WTN14?3 (WTN1?41038) in Nicotiana
benthamiana leaves. Sr35%%3 (Sr3524919)
served as a negative control. Scale bar, 20 um.
Target proteins were probed with indicated
antibodies. Ponceau staining of ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco)

was used as a loading control. (B) Co-IP assay. c

WTK3 and Sr60 fused to 3xHA tag at the
N-terminus; WTNI*%® and Sr354% fused to 6xMyc
tag at the C-terminus. Sr60 and Sr35°%° served as
negative controls. (C) SFLC assays between
WTK3, WTK3-N¥500, WTK3-C5218%3 WTN1423 and
Sr35*%3 in N. benthamiana. Data are means + SEM
(n = 5 biologically independent samples). Different
letters denote the significance tested by one-way
analysis of variance (ANOVA) and Tukey's post-hoc
test at P < 0.05. Asterisks indicate the target
proteins. (D) Co-IP assay confirming the interaction
between WTK3, WTK3-N, WTK3-C, and WTN1*% in
N. benthamiana. Sr35°% served as a negative control.
The experiment was repeated three times in (A), (C), and
(D) and two times in (B), with similar results.

WTK3 and recognizes the Magnaporthe oryzae
pathotype Triticum effector PWT4 (21, 23). Com-
pared with WTK3, Rwt4 contains a two-residue
(K400/G401) insertion in a loop within the Kin I
domain, caused by a 6-bp InDel (AAAGGA/-) in
the fifth exon of the two alleles (Fig. 3, A and B,
and fig. S6, A and B). Thus, we took advantage of
Rwt4 together with its cognate effector PWT4 to
elucidate how the tandem Kkinase detects path-
ogen effectors and activates NLR to trigger im-
mune responses.

To mimic pathogen attack, we expressed
PWT4 in wheat protoplasts containing endog-
enous WTNI1 along with either Rwt4: or WTK3,
then performed luminescence-based cell via-
bility assays. Relative luminescence activity mea-
surements revealed that expression of PWT4
induced >90% cell death in protoplasts carrying
Rwt4/WTNI1 from Jagger and Cadenza, as well
as in those carrying WTK3/WTN1 from WTK3-
COM4, Chiyacao, and HLT lines. By contrast,
protoplasts harboring only WTN1 (WTK3W42%+)
or only WTK3 (WTN1-KO) did not undergo
cell death (Fig. 3C). Control treatment with
the AvrPma3bc/c2, specific for powdery mildew
resistance NLR protein Pm3b (24), did not in-
duce cell death, confirming the specificity of the
PWT4-induced hypersensitive response. Addi-
tionally, coexpression of PWT4 with either Rwt4:
and WTK3 or WTN1 alone did not induce hyper-
sensitive response, but coexpression of Rwt4/
WTN1/PWT4 or WTK3/WTN1/PWT4 together
resulted in cell death in N. benthamiana (Fig. 3D
and fig. S7). These results demonstrate that
both a tandem kinase protein and an NLR are
required to trigger hypersensitive responses,
supporting their cooperative role in disease
resistance.
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When PWT4 was coexpressed with Rwt4,
WTKS3, or WINI in N. benthamiana leaves, both
SFLC and Co-IP assays confirmed protein-protein
interactions between PWT4 and Rwt4, as well
as between PWT4 and WTK3 (Fig. 3, E and F).
These interactions were further validated by an
in vitro glutathione S-transferase (GST) pulldown
assay (Fig. 3G), but no interaction was observed
between PWT4 and WTNI (fig. S8). These results
consistently demonstrate that PWT4 can recog-
nize and bind to both Rwt4 and WTK3. This is
not surprising, given that WTK3 and Rwt4 differ
by only two residues in Kin I domain. This find-
ing raises the possibility that the WTKS3 allele
may also confer resistance to wheat blast.

To determine whether the Avr protein PWT4
can induce WTNI1 oligomerization in a manner
similar to that of ZAR1 and Sr35, we employed
blue native-polyacrylamide gel electrophoresis
to assess WTNI1 oligomerization in leaves from
N. benthamiana (fig. SOA), protoplasts from
wheat cultivar Jagger (Rwt4/WTN1) (fig. SOB),
and HLT (WTK3/WTN1) (fig. S9C). Coexpres-
sion of tandem kinase (WTK3 or Rwt4), WIN1,
and PWT4 resulted in considerable formation
and accumulation of high-molecular-weight
oligomeric complexes (>880 kDa) (fig. S9, A
to C), comparable to those observed in ZAR1
and SR35 resistosome (9, 1I). By contrast, in
the control group where the tandem kinase
and WTN1 were expressed alone, in pairs, or
coexpressed with the irrelevant AvrPma3bc/c2,
the oligomeric complexes predominantly accu-
mulated at approximately 300 kDa (fig S9, B
and C). Similar results were observed in proto-
plasts from FLAG-WTKS3 transgenic wheat plants
(FLAG-WTK3/wtk3/WTN1) (fig. SOD). Western
blotting analyses confirmed the presence of the
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tandem kinase (WTK3 or Rwt4), WIN1 and
PWT4 proteins within the high-molecular-weight
bands (>880 kDa). These results indicate that
PWT4 induces WTN1 oligomerization when co-
expressed with tandem kinase (WTK3 or Rwt4y).
Additionally, SFLC and Co-IP assays revealed
that PWT4 promotes the association between
Rwt4 and WTNI1 (fig. S10, A and B).

WTN1 activation forms
calcium-permeable channels

To investigate the functional role of activated
WTNI1, we coexpressed WIN1 with PWT4, and
either Rwt4: or WTK3 in Xenopus laevis oocytes,
and performed two-electrode voltage clamp
(TEVC) measurements (Fig. 4, A and B). No
detectable currents were observed when WTN1,
PWT4, Rwt4, and WTK3 cRNAs were injected
individually or in pairs. However, substantial
currents emerged when WTN1 was coexpressed
with both PWT4 and Rwt4 (or WTK3), suggesting
the formation of resistosome channels reminis-
cent of those formed by ZAR1 and Sr35 (9, 11).
Previous studies have shown that ZAR1- and
Sr35-dependent currents recorded from Xenopus
oocytes were confounded by Cl™ currents medi-
ated through the endogenous calcium-activated
chloride channel (CaCC) following Ca®* influx
(6, 9, 11). We hypothesized that WITNI1-dependent
currents might involve a similar mechanism.
Supporting this, these currents were partially
diminished upon application of a CaCC inhibitor
(CaCCinh-A01) and completely counteracted by
the calcium channel blocker LaCl; (Fig. 4C). Addi-
tionally, the hypersensitive response induced
by coexpression of PWT4/Rwt4/WTN1 in
N. benthamiana leaves was also suppressed by LaCl;
(fig. S11A). These results indicate the activated
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Fig. 3. Rwt4 and WTK3 interact with PWT4. (A) Comparison of amino

acid sequences of Rwt4 and WTK3. (B) The N-terminus of Rwt4 protein
structures was predicted using AlphaFold2. The positions of K400G401 in Kin |
were shown. (C) Protoplast cell death assays in various wheat genotypes
transfected with PWT4 and AvrPm3b2/c2, comparing genotypes with different
combinations of Rwt4/WTNI and WTK3/WTNI alleles. Cell death was quantified
using relative luminescence. (D) N. benthamiana leaves were co-infiltrated
with Agrobacterial strains containing different pairs of constructs. Autofluores-
cence under UV light is shown. White dotted circles represent infected areas.
Numbers indicate necrotic/total infiltrated spots. The expression of proteins
was detected by immunoblot and Ponceau staining of Rubisco served as a
loading control. (E) SFLC assay demonstrating the interaction between
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Rwt4/WTK3 and PWT4 in N. benthamiana leaves. AvrPm3b2/c2 served as a
negative control. Data are means + SEM (n = 4 biologically independent
samples). Different letters denote the significance tested by ANOVA and
Tukey's post-hoc test at P < 0.05. The expression of proteins was detected

by immunoblot and Ponceau staining of Rubisco served as a loading control.
(F) Co-IP assay confirming the interaction between Rwt4/WTK3 and PWT4

in N. benthamiana. AvrPm3b2/c2 served as a negative control. (G) PWT4
interacts with Rwt4 and WTK3 in vitro. GST-tagged PWT4 and HIS-tagged Rwt4
and WTK3 were purified from Escherichia coli, and protein-protein interaction
was examined by a GST pull-down assay. GST was used as a control. CBB,
Coomassie brilliant blue staining. The experiment was repeated for three times in
(C), (D), (E), (F), and (G) with similar results.

28 MARCH 2025 « VOL 387 ISSUE 6741 1421



RESEARCH | RESEARCH ARTICLES

A B
Rwtd WTK3 $-19]
| | > a
| | € 104
o -10 @
°
Rwt4/PWT4 WTK3/PWT4 = "
| | €
! ' e b b b b b b b b
g 01 = & e o -
LI LR L LU >
Rwt4/WTN1 WTK3/WTN1 @gq\‘g\ é‘éqé&q& @QAQ@ s&\b\ &Q
& & Q'§ ‘2?‘;?&&"
Rwt4/WTN1/PWT4 WTK3/WTN1/PWT4 st.‘-
§-15
% a
a o .
5 s ﬂ
[=
Rwt4/WTN1/ [ b b b b b b b b
RWI4/SI3S/PWT4  AvrPm3b2/c2 Sole s s sassllaa
| o 1 O &S & ‘\Q\W B
&
| | EE S S s
< € L LT
- SEEEER
10s 4§l~
C D E F
3-15, 3-15- 3-15 3-15,
> > a > >
E -0/ E-1u-§ E.10]a E.10]a
o o o
2 i e e o
S 5 5 5 35 b b 5 5]
[= c c =
o o bbb o cff o b
SRR 0 N > &
Q QT Y S NS S
) R
Q.

Fig. 4. Rwt4/WTK3 sense PWT4 to activate WTN1 for forming calcium-permeable channels. (A and
B) TEVC measurements in Xenopus oocytes expressing Rwt4/WTN1/PWT4 and WTK3/WTNL/PWT4, with
control oocytes injected with Rwt4/Sr35/PWT4 and Rwt4/WTN1/AvrPm3b2/c2. TEVC recordings were
performed in ND96 solution. Representative current traces over arrange of voltages (from =130 mV to

+70 mV in 20-mV increments) are shown in (A), and current amplitudes measured at =130 mV are shown in
(B). (C) Electrophysiological effects of inhibitors: The impact of CaCCinh-AO1 (Ca®*-activated chloride
channel inhibitor) and LaCl; (Ca>* channel blocker) on the WTN1-dependant currents in ND96 solution,
showing preincubation effects on WTK3/WTN1/PWT4~injected oocytes. (D) Truncational analysis of the
al-helix at the N-terminus of WTNL. Coexpressing Rwt4/PWT4 with WTNL WTN126, WTN121°, and WTN1423 in
Xenopus, respectively. (E) Truncational analysis of the N-terminus (Rwt4-N, Rwt4'#%%) and C-terminus
(Rwtd-C, Rwt4*818%) of Rwtd. Coexpressing WTNI/PWT4 with Rwt4, Rwt4-N, Rwt4-C, and Rwt4-N/Rwt4-C
in Xenopus oocytes, respectively. (F) Truncational analysis of the PKF of Rwt4. Coexpressing WTN1/PWT4
with Rwt4 and Rwt42PKF (Rwt4#6-8%Y in Xenopus oocytes, respectively. Data are presented as means + SEM,
n = 8. Different letters denote the significance tested by one-way ANOVA and Tukey's post-hoc test at

P < 0.01. The experiment was repeated for three times in (A), (B), (C), (D), (E), and (F) with similar results.
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WTN1 functions as a proxy for Ca>* channels,
mediating calcium-dependent immune response.
N-terminal deletions (A6, A10, and A23) sup-
pressed the WIN1-dependent currents (Fig. 4D)
and prevented cell death in N. benthamiana
leaves (fig. S11B), highlighting the crucial role of
the N-terminal a1 helix in forming a membrane-
penetrating channel. Among the five EMS-
induced WTN1 mutations, D636N markedly
impaired channel activity whereas the other
four mutations (L122F, G408E, T5281, and
G589S) resulted in nearly undetectable cur-
rents (fig. S12A). The functional impact of these
mutations was further confirmed by their in-
ability to induce cell death in N. benthamiana
leaves (fig. S12B). Predictive modeling using
Alphafold2 elucidated that the amino acid sub-
stitutions in mutants WIN14°8E WTN1™28L
WIN1%%% and WINIP%3%N are located either
within or proximate to the ATP binding site
(fig. S12C), a region crucial for assembling the
resistosome complex that mediates immune
responses (10). These findings support the con-
clusion that activated WTNI1 mediates plant
immunity through its channel activity and that
loss-of-function mutations disrupt this mech-
anism, thereby impairing immune function.
While the C-terminal segment of the tandem
kinase protein binds the NLR, its N-terminal
portion is primarily responsible for Avr detec-
tion. In vivo Y2H (fig. S13, A and B), SFLC (fig.
S13C), and in vitro GST-pull down (fig. S13D) as-
says demonstrated that the N-terminal regions
of both Rwt4 (Rwt4-N) and WTK3 (WTK3-N)
interact with PWT4. Electrophysiological studies
revealed that, when coexpressed with WTN1/
PWT4, the N-terminal portion (Rwt4-N) could
not stimulate currents, unlike the full-length
Rwt4. By contrast, the C-terminal portion (Rwt4-C)
elicited weak currents, but adding Rwt4-N
neither enhanced nor suppressed its activity
(Fig. 4E). Furthermore, this weak activity was
independent of the presence or absence of Avr
(fig. S13E and S13F), highlighting a direct role
of the C-terminal fragment in activating WTNI1.
Similar results were observed in hypersensitive
response triggered in N. benthamiana leaves
(fig. S13G). Five previously identified loss-of-
function mutations in WTK3, two at the N ter-
minus (E372K and G389S) and three at the
C terminus (A600T, G718R, and P835S), reduced
channel activity and eliminated hypersensitive
response to varying degrees, from moderate to
negligible (fig. S14, A and B). These findings sug-
gest that both kinase domains and their struc-
tural integrity are required for Avr detection, NLR
activation, and resistosome channel assembly.
Further in vivo Y2H (fig. S15A), SFLC (fig. S15,
B and C), in vitro GST-pull down (fig. S15D), and
in vivo Co-IP (fig. S15E) assays revealed that the
pseudo-kinase fragment (PKF) (residues 1 to
145) in Rwt4 can bind to PWT4, suggesting its
crucial role in Avr detection. Electrophysiolog-
ical studies showed that Rwt4 mutants lacking
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the PKF region exhibit virtually no current, in-
dicating an inability to recognize Avr (Fig. 4F).
Additionally, deletion of the PKF region from
Rwt4 lost the ability to induce cell death in
N. benthamiana (fig. S15F). This deficiency likely
prevents NLR activation, which is required to
form ion channels that confer disease resistance.

Rwt4/WTK3 and WTN1 coevolved during
Pooideae evolution

Rwt4/WTK3 contain a degenerated PKF and
two intact kinase domains, Kin I and Kin II
(fig. S16A). Kin I and Kin II were found broad-
ly across the Pooideae subfamily, whereas
the PKF is specific to the Triticeae tribe and
Lolium perenne (fig. S17). Phylogenetic anal-
ysis delineated PKF/Kin I and Kin II into two
distinct clades, with PKF sequences clustering
within the diversity of Kin I sequences (fig. S16,
B to D). This suggest that Rwt4/WTK3 likely
originated from the fusion of two distinct kinase
domains prior to the last common ancestor of
Pooideae, with the PKF emerging from a recent
duplication of Kin I in the early evolution of
Triticeae. Crucial kinase catalytic motifs, includ-
ing the ATP-binding, His-Arg-Asp (HRD), and
Asp-Phe-Gly (DFG) motifs, are well-conserved
in Kin I but absent or poorly conserved in the
degenerated PKF and Kin II (fig. S16A), indicat-
ing the pseudo-kinase nature of PKF and Kin II.
The ratio of nonsynonymous to synonymous
nucleotide substitution rates (dN/dS) for PKF
(0.964) and Kin I (0.896) was markedly higher
than that for Kin II (0.487), suggesting that
PKF and Kin I have undergone a stronger po-
sitive selection, potentially driven by host-
pathogen interactions (fig. SIGE). Moreover,
several residues critical for immune function
(such as G389, W429, A600, G679, G718, R834,
and P835) (17) were found to be under nega-
tive selection, further emphasizing their func-
tional relevance (fig. S16F).

The NBD domains of WTNI1 segregated into
two distinct clades, with orthologs of NBD I and
NBD II dispersed among species within the
Pooideae subfamily (figs. S17 and S18, A to C),
suggesting that WTNI1 orthologs originated
before the last common ancestor of the Pooideae.
The NBD domains from WTN1-related pro-
teins clustered into two monophyletic groups,
with each NBD group identified throughout
the Poaceae, indicating that an ancestral du-
plication event of the NBD domain probably
occurred prior to the last common ancestor of
the Poaceae (fig. S19). Analysis of the distribu-
tion of Rwt4/WTK3 and WTNI proteins across
plant species revealed a pattern: The absence
of Rwt4/WTKS3 in certain species often coin-
cided with the loss of the WTN1 ortholog (figs.
S17 and S20). At least five instances of simul-
taneous losses of both Rwt4/WTK3 and WTN1
were observed (fig. S17), suggesting that the
Rwt4/WTK3-WTNI pair functioned as a cohe-
sive module that was lost entirely during the
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evolution of Pooideae. Such findings further
substantiate the hypothesis that Rwt4/WTK3
and WTNI coevolved and acted in concert prior
to the last common ancestor of the Pooideae.

Discussion

The “sensor-helper” relationship of NLR pairs
in plant immunity has been well- character-
ized (3, 7, 8). In this study, we identified WTN1
as a genomic component essential for tandem
kinase-mediated disease resistance in wheat.
This tandem Kkinase-NLR protein pair func-
tions as a disease-resistance module, capable
of recognizing pathogen Avr and activating
plant immunity by forming calcium-permeable
channels. Our findings, together with the dis-
covery of Sr62™-5r62NR (25), uncovers a plant
defense mechanism in which tandem kinase
proteins and their cognate NLRs act as “sensor-
executor” duos to counteract fungal pathogens
in cereal crops. Furthermore, evolutionary analy-
ses revealed a coevolutionary trajectory of the
tandem kinase-NLR module, highlighting their
cooperative role in triggering plant immunity.

Compared with the ZAR1 and Sr35 resisto-
somes (6, 9, II), the activation mechanism of
WTNI1 differs: Sr35 directly recognizes AvrSr35
to form a resistosome and trigger immune re-
sponse, whereas WIN1—similar to ZAR1—relies
on auxiliary Rwt4/WTKS3 for indirect Avr recog-
nition and activation. Nonetheless, they share
similar yet distinct strategies for Avr detec-
tion, “decoy” versus “guard.” ZAR1 teams up
with a pseudokinase RKS1 (adaptor) and a PBL2
(sensor) to detect AvrAC-mediated uridylylation
on PBL2, while WINI1 cooperates with Rwt4/
WTKS3 protein harboring two tandem Kkinase
domains with distinct roles: The N-terminal
PKF/Kin I binds Avr as a sensor, and the C-
terminal Kin II interacts with NLRs, transmit-
ting pathogen signals to activate NLRs. Our
bioinformatic analysis also revealed highly con-
served kinase motifs presented in Kin I, sup-
porting the finding that Rwt4 interacts with
and transphosphorylates Avr PWT4 (26). Thus,
further investigation is needed to clarify the
kinase activity of the Kin I and how it co-
operates with Kin II to regulate resistosome
formation. Unlike ZAR1 and Sr35, the non-
canonical NLR WTNI1 possesses two NB-ARC
domains, with NBD I being a degenerated
NB-ARC domain lacking the WHD. Further
research, especially structural studies, is needed
to elucidate how NBD I and NBD II, in coordi-
nation with tandem kinase, perceive Avr and
assemble into the resistosome.

Wheat diseases pose major challenges to ag-
riculture, resulting in substantial yield reduc-
tions worldwide (27-29). Identifying disease
resistance genes and elucidating their mecha-
nisms are crucial for breeding and deploying
resistant wheat cultivars. The tandem kinase
protein family, as a class of intracellular im-
mune receptors, has evolved new functions

through the duplication of kinase domains or
the fusion with additional domains, playing a
central role in mediating pathogen Avr detec-
tion and immune signaling activation. For ex-
ample, the wheat blast resistance genes Rmg7
and Rmg8 are homeologs of the powdery mil-
dew resistance gene Pm4, encoding a serine/
threonine kinase and multiple C2 domains
and transmembrane regions (30, 31). Allelic
variations in tandem Kkinase proteins signif-
icantly influence resistance to different patho-
gens in wheat (16, 17, 20, 2I). Rwt4 was identified
as a resistance gene against M. orysae pathotype
Triticum (21I) through its Avr PWT4, whereas its
allele Pm24 (WTK3) gained resistance to pow-
dery mildew through a two-amino acid ¢*KG*®)
deletion (7). Our work demonstrated that Pm24
(WTK3), like Ruwt4, can sense PWT4 and activate
WTNI1 to form calcium channel for triggering
immunity. Further validation of whether Pm24
(WTK3) confers resistance to wheat blast will
provide valuable insights for developing wheat
cultivars with broad-spectrum disease resistance.

In plant defense, pathogen-specific recogni-
tion and immune signal activation are central
to disease resistance. The wheat tandem kinase-
NLR module exhibits potentially distinct struc-
tural and functional mechanisms, making it a
focus of plant immunity research. Moreover,
the broad-spectrum disease resistance of these
modules makes them promising targets for
breeding. In the future, in-depth research into
the mechanisms of tandem kinase-NLR, par-
ticularly the underlying mechanisms mediated
by WTK3 against wheat powdery mildew and
blast, will provide new strategies for molecular
breeding and contribute to sustainable agricul-
tural development.

REFERENCES AND NOTES

1. B.P.M.Ngou, P.Ding, J. D. G. Jones, Plant Cell 34, 1447-1478
(2022).

2. S. Cesari, New Phytol. 219, 17-24 (2018).

3. H. Adachi, L. Derevnina, S. Kamoun, Curr. Opin. Plant Biol. 50,
121-131 (2019).

4. S.Maet al., Science 370, eabe3069 (2020).

5. R. Martin et al., Science 370, eabe9993 (2020).

6. G. Bietal, Cell 184, 3528-3541.e12 (2021).

7. Y. Yang et al., Science 383, eadk3468 (2024).

8. C.H. Wuet al., Proc. Natl. Acad. Sci. U.S.A. 114, 8113-8118
(2017).

9. J. Wang et al., Science 364, eaav5870 (2019).

10. J. Wang et al., Science 364, eaav5868 (2019).

11. A. Forderer et al., Nature 610, 532-539 (2022).

12. T. Reveguk et al., Nat. Genet. 57, 254-262 (2025).

13. V. Klymiuk et al., Nat. Commun. 9, 3735 (2018).

14. S. Chen et al., New Phytol. 225, 948-959 (2020).

15. G. Yu et al., Nat. Commun. 13, 1607 (2022).

16. Y. Wang et al., Nat. Genet. 55, 914-920 (2023).

17. P. Lu et al., Nat. Commun. 11, 680 (2020).

18. K. Gaurav et al., Nat. Biotechnol. 40, 422-431 (2022).

19. M. Li et al., Nat. Commun. 15, 3124 (2024).

20. Y. Zhao et al., Nat. Commun. 15, 4796 (2024).

21. S. Arora et al., Nat. Plants 9, 385-392 (2023).

22. R. Brueggeman et al., Proc. Natl. Acad. Sci. U.S.A. 99,
9328-9333 (2002).

23. Y. Inoue et al., Science 357, 80-83 (2017).

24. S. Bourras et al., Nat. Commun. 10, 2292 (2019).

25. R. J. Chen et al., Science 387, eadp5034 (2025).

26. Y-C. Sung et al., Direct binding of a fungal effector by the wheat
RWT4 tandem kinase activates defense. BioRxiv [preprint]
2024.04.30.591956; https://doi.org/10.1101/2024.04.30.591956.

28 MARCH 2025 « VOL 387 ISSUE 6741 1423



RESEARCH | RESEARCH ARTICLES

27. R.P. Singh et al., Annu. Rev. Phytopathol. 54, 303-322 (2016).

28. B. K. Singh et al., Nat. Rev. Microbiol. 21, 640-656 (2023).

29. D. N. L. Pequeno et al., Nat. Clim. Chang. 14, 178-183 (2024).

30. J. Sanchez-Martin et al., Nat. Plants 7, 327-341 (2021).

31 S. Asuke et al., Nat. Plants 10, 971-983 (2024).

32. Z. Gong, G. Z. Han, WTK3/WTNLI pair confer multiple disease
resistance in wheat. Version 1, Mendeley Data (2025);
https://data.mendeley.com/datasets/9tdwzgh8v7/1.

ACKNOWLEDGMENTS

We are grateful to R. Mclntosh (University of Sydney) and

E. Lagudah (CSIRO, Australia) for critical improvement of the
manuscript. We thank C. Lan of Huazhong Agricultural University
for providing the Jagger and Cadenza seeds and B. Wulff (King Abdullah
University of Science and Technology, Saudi Arabia) and P. Dodds
(CSIRO, Australia) for valuable discussions. Z. Liu is applying a WTN1-
related patent with application number 2024116811289 of China
National Intellectual Property Administration. Funding: This study was
supported by the National Key Research and Development Program
of China (2021YFA1300700 to Z.L. and J.-M.Z., 2023YFD1200402 to

ZL., 2022YFF1001503 to P.L.), Strategic Priority Research Program of
the Chinese Academy of Sciences (XDA24010305to Z.L.), the National
Natural Science Foundation of China (31801345 to P.L., 32172001

to H.L, and U21A20224 to Z.L.), Biological Breeding-National Science
and Technology Major Project (2023ZD04073 to M.L.), and Youth
Innovation Promotion Association CAS (2021093 to P.L.). This project
was also supported by grants from the Hainan Seed Industry Laboratory
(B21HJO111 to Z.L.), Key Research and Development Program of
Zhejiang (2024SSYS0099 to Z.L.), and Key Research and Development
Program of Hebei (22326305D to C.Y.). Author contributions: P.L.,
G.Z., JL., and ZG. performed experimental procedures and analyzed
results. GW., LiD., H.Z, KZ., QW. GG, ML, BH., BL, WL, LeD.,
Y.H., X.C., HF., and D.Q. contributed to gene expression, protein
identification, and greenhouse experiments. Yo.C. and C.Y. contributed
to field trials and phenotypic analyses. G.Z., M.S., KW., and Y.W.
contributed to the electrophysiology experiments. Z.G. and G.-Z.H.
contributed to the evolutionary analyses. P.L., Yu.C, G.-Z.H., and Z.L.
conceived of the idea, designed experiments, analyzed genotypic and
phenotypic data, and interpreted results. P.L., H.L., J-M.Z, G.-ZH.,
Yu.C., and Z.L. wrote the manuscript. Competing interests: The

authors declare no competing interests. Data and materials
availability: All data are available in the main text or the
supplementary materials. Alignments and phylogenetic trees generated
in this study have been deposited to Mendeley Data (32). License
information: Copyright © 2025 the authors, some rights reserved:;
exclusive licensee American Association for the Advancement

of Science. No claim to original US government works. https://www.
science.org/about/science-licenses-journal-article-reuse

SUPPLEMENTARY MATERIALS

science.org/doi/10.1126/science.adp5469
Materials and Methods

Figs. S1 to S20

Tables SI to S11

MDAR Reproducibility Checklist
References (33-62)

Submitted 2 April 2024; resubmitted 26 November 2024
Accepted 14 February 2025
10.1126/science.adp5469

QUANTUM OPTICS

Selective filtering of photonic quantum entanglement
via anti-parity-time symmetry

Mahmoud A. Selim**, Max Ehrhardt?, Yugiang Ding®, Hediyeh M. Dinani', Qi Zhong®*5,
Armando Perez-Leija’, Sahin K. Ozdemir*®, Matthias Heinrich?, Alexander Szameit?,

Demetrios N. Christodoulides*®, Mercedeh Khajavikhan®

1,6%

Entanglement is a key resource for quantum computing, sensing, and communication, but it is susceptible
to decoherence. To address this, research in quantum optics has explored filtering techniques such

as photon ancillas and Rydberg atom blockade to restore entangled states. We introduce an approach to
entanglement retrieval that exploits the features of non-Hermitian systems. By designing an anti-parity-
time two-state guiding configuration, we demonstrate efficient extraction of entanglement from any
input state. This filter is implemented on a lossless waveguide network and achieves near-unity fidelity
under single- and two-photon excitation and is scalable to higher photon levels, remaining robust against
decoherence during propagation. Our results offer an approach to using non-Hermitian symmetries

to address central challenges in quantum technologies.

ntanglement is a fundamental aspect of
quantum mechanics, representing a dis-
tinctive and powerful form of nonclassical
correlations between particles, and has
far-reaching implications for quantum
technologies. In quantum communications,
for instance, the ability to manipulate entan-
gled photon states underpins secure quantum
key distribution (7, 2), and in quantum com-
puting, entanglement serves as the basis for
the inherent parallelism that exponentially
enhances computational capabilities (3-6).
Similarly, in quantum sensing, entangled pho-
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tons provide increased sensitivity and noise
resilience that exceed the classical limit (7). Yet
the intrinsic fragility associated with entan-
glement poses a challenge, whereby minimal
environmental interactions can destroy the
delicate quantum superposition, leading to a
collapse into mixed or classical states (8). Al-
though such deterioration is almost universally
anticipated in the presence of loss, it remains
unclear to what extent non-Hermiticity can pre-
serve or even restore this resource in a manner
that is both scalable and ultimately efficient.

To retrieve an entangled state that has de-
composed into a mixed state, a targeted ap-
proach can be used to selectively eliminate its
classical components. This strategy closely re-
sembles those associated with classical optical
filters designed to isolate specific degrees of
freedom of light, such as wavelength or polar-
ization (9). In quantum optics, various meth-
odologies for entanglement filtering have been
explored, including schemes that use photon
ancillas (10, II) or the nonlinear response of
Rydberg atoms (72). Given that filters are in-
herently non-Hermitian entities, an intriguing

question arises: Can dissipation be engineered
within specific nonconservative configurations
to effectively restore entanglement from a mixed
input state (13, 14)?

Non-Hermitian systems have been extensive-
ly investigated in classical optical contexts, re-
vealing a host of counterintuitive phenomena
(15), including phase transitions (I6), topolog-
ical chirality (17-20), unidirectional invisibility
(21), laser mode management (22, 23), loss-
induced transparency (24, 25), and enhanced
sensitivity (26-28), among others. In this work,
we leveraged the distinctive properties of pho-
tonic non-Hermitian anti-parity-time (APT)
symmetric configurations (29, 30) to realize a
class of structures with functionalities in the
quantum regime. Our approach isolated a de-
sired entangled state within a bosonic subspace,
thereby providing a highly versatile linear mech-
anism for state selection through photon-photon
interference. Importantly, this configuration
functions as a decoherence-free subspace (31),
preserving quantum states against dephasing
while enhancing the robustness of quantum in-
formation processing.

Photonic entanglement filter system—theory

APT symmetry, a subclass of non-Hermitian sys-
tems, is associated with Hamiltonians 7 that
anticommute with the parity-time (’f?’f) op-
erator, that is, {P7, H} = PTH + HPT = 0.
In optics, APT symmetry can be established in
scenarios where two elements (e.g., waveguides
or cavities), labeled L and R, are dissipatively
coupled (upper left panel of Fig. 1A) with a
Hamiltonian given by

Hete = —il(0z +1) (1)

where o, denotes the x Pauli operator, [ is the
identity matrix, and I" represents the coupling
coefficient. Realizing an APT-symmetric sys-
tem is challenging, as it requires the dissipa-
tive coupling 7I" to precisely match the local
dissipations at sites L. and R. Serendipitously,
this symmetry emerges naturally in a mirrored
Wigner-Weisskopf configuration (32) (upper
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Fig. 1. All-photonic scalable entanglement APT filter. (A) Schematic of an APT
symmetric configuration, representing two lossy cavities or waveguides with an
imaginary coupling coefficient (top left). Through Wigner-Weisskopf theory, dissipation
is modeled through coupling to a continuum of elements with uniformly increasing
detuning (top right). By using the Lanczos transformations, the system is reformulated

right panel of Fig. 1A), where two isoenergetic
states happens to exhibit APT symmetry, pro-
vided both elements are coupled with equal
strength w to a Hermitian bath consisting of a
continuum of equidistantly spaced energy lev-
els [supplementary text I (33)]. In this case, the
effective Hamiltonian governing the dynamics
at sites L and R is precisely given by the non-
Hermitian Hamiltonian of Eq. 1—a rather sur-
prising result given that the infinite chain in
between the two waveguides is itself conserv-
ative. Yet even at this stage, achieving an optical
realization of the configuration in Fig. 1A re-
mains a formidable challenge. Geometrically,
it is not feasible to surround a cavity or waveguide
site with large number of elements whose local
eigenvalues continuously increase or decrease
at a uniform rate. To circumvent this physical
constraint, we used isospectral Lanczos trans-
formations [supplementary text II (33)], which
enable mapping the intermediate infinite chain
onto a tridiagonal matrix with elements that
share identical local eigenvalues (34, 35). This
mapping holds as long as the exchange strength
between nearest-neighbor elements is appro-
priately engineered (bottom panel of Fig. 1A)
[supplementary text III (33)]. It should be em-
phasized that the collective quantum mechanics
of a subsystem, together with its environment, is
inherently Hermitian, and any presence of non-
Hermiticity only emerges when projecting onto
the subsystem through postselection.

To benchmark our experimental and the-
oretical studies, we numerically modeled the
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Markovian dynamics of the reduced density
matrix p = > pj|y;)(w;|, where p; denotes
the probability of the state |\|!]~>, by using the
standard Lindblad master equation (36)

0:p(2) = —i(Hew p — pHlgy) + 20 aLpay +
oTarpay = L p (2)

In general, the solution of the master equa-
tion [p = ¢“p(0)] can be obtained from the
system’s eigenmodes after diagonalizing the
Liouvillian operator £ (37). For instance, under
one- and two-photon excitation conditions, one
can show that the APT effective Hamiltonian of
Eq. 1 allows a lossless eigenstate: (i) |y") =
1/+/2(|10) — |01)) (also known as the W-state),
which exists within the single-photon subspace,
and (i) [y®) = 1/2(|20) + (02)) — [11)/V/2,
which arises when the subspace engages two
photons [supplementary text IV to VI (33)].
By contrast, the rest of the modes undergo loss,
decaying over a propagation distance & » 1/T,,
as their corresponding eigenvalues exhibit a
finite imaginary component. Note that these
two lossless states |y(V) and |y®) are path
entangled. More broadly, any arbitrary N-photon
excitation, whether on the Bloch sphere (for
pure states) or within the Bloch ball (for mixed
states), irreversibly evolves toward a single point,
corresponding to a specific entangled mode.
This process is schematically illustrated in Fig.
1B for N = 1, where all states on the one-photon
Bloch sphere converge after propagation to

c p
Lanczos transformation @0 p
N
\s\:;’ﬁ < »

P

input state

APT steady state
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=
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& =)
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T RS

into an array of coupled waveguides that selectively transmits the desired entangled
state (bottom). (B) APT dynamics on the single-photon Bloch sphere. Regardless

of the inpuit single-photon state, the output irreversibly yields [wV) = (]10) — [01))/v/2.
(C) Bloch hall for two-photon states. In this case, the output state consistently evolves
into the two-photon entangled state [w(®) = (20) +102))/2 — |11)/V2.

the W-state (38). Conversely, for N = 2, all
possible excitations eventually yield [y®)) =
1/2(]20)+ |02)) — [11)/+/2 (Fig. 1C). Evidently,
this behavior is consistent with that expected
from an entanglement filter. In principle, the
quantum dynamics in this altogether Hermitian
setting (APT subsystem and Lanczos array)
can be theoretically described by treating this
waveguide array arrangement as a multiport
Hong-Ou-Mandel (HOM) system [supplemen-
tary text IV (33)]. Moreover, this approach and
that of Lindblad (Eq. 2) yield identical results.
We also note that, in principle, postselecting
the anticoincidence events projects the |y(®))
state onto the two-photon NOON state, which
is a resource for quantum metrology [supple-
mentary text V (33)].

Experimental results

To experimentally verify the filtering behavior
of the APT system, we designed a set of multi-
element waveguide structures using Lanczos
transformations. These arrangements are then
fabricated through femtosecond direct laser
writing in fused silica glass (39) [supplemen-
tary text VI (33)]. Samples with different lengths
are prepared to enable the observation of the
dynamics of the quantum system. In our ex-
periments, the imaginary coupling factor was
setto be I' = 0.25 cm ™", and a Lanczos’s array
of 52 nonuniformly coupled waveguides was
deployed. In all cases, the loss factor was ex-
perimentally characterized using a modified
variable stripe technique [supplementary text
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Fig. 2. Single-photon response of the APT filter. (A) Schematic of the experimental setup for single-
photon measurements. CW, continuous wave; f-PBS, fiber polarizing beam splitter; SPAD, single-photon avalanche
diode. (B) Measured probability of finding a photon in each waveguide after varying propagation lengths. Solid
lines represent theoretical predictions for the design parameter T = 0.25 cm™.. Measurement errors are within
the symbol size. (C) Performance evaluation of the APT entanglement filter at z = 10 cm, where single photons
are injected via |10) and |01) states. (D) Comparison of the theoretical (top) and experimentally measured
(bottom) density matrix p = |y)(y| at the APT filter output at z = 10 cm. Experimental errors (orange cylinders)
denote Poisson standard deviations, typically less than 2% in all cases.

III (33)]. As a first step, we monitored the clas-
sical evolution by measuring the intensity ratios
at the output of the two waveguides using laser
light at a wavelength of A = 810 nm.

‘We then investigated the APT entanglement
filter’s response under single-photon excitation
by means of heralded detection. Entangled pho-
ton pairs were generated through type II spon-
taneous parametric down-conversion (SPDC)
in a periodically poled potassium titanyl phos-
phate (PPKTP) crystal, which converted a 405-nm
pump photon into a pair of polarization-entangled
signal and idler photons at 810 nm. These two
photons were subsequently split using a fiber-
coupled polarization beam splitter, after which
one photon was used for heralding and the
other was coupled to one of the sites of the
APT arrangement (Fig. 2A). The single-photon
evolution dynamics were monitored within the
basis states [10) or |01), as depicted in Fig. 2B,
using structures of varying lengths (3 to 10 cm in
1 cm increments). Figure 2C shows the photon
detection probability at the output of each
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waveguide element after a propagation of g =
10 cm, confirming that, irrespective of the in-
put photon state |10) or |01), the system reaches
an equilibrium with equal photon probabilities
at both outputs (P = Po; = 0.5). However, the
probability measurement by itself does not
uniquely specify the quantum state. In gen-
eral, this measurement only indicates that the
output state is of the form (|10) + €**|01)) /v/2,
where ¢ can be an arbitrary phase. To charac-
terize this state, we performed quantum state
tomography using additional measurement
configurations where we interfered the output
of the two channels using a 3dB coupler after
adding a /4 phase shift in one of the arms. By
considering these measurements, one can de-
termine ¢ [supplementary text VII and VIII
(33)], which, as indicated by the density matrix
in Fig. 2D, is equal to & in this case. This ob-
servation corroborates that the output state
was indeed [y = (|10) — |01))/v/2. Note
that the orange cylinders in Fig. 2D highlight
the experimental error.

We next considered the APT filtering ac-
tion when two photons are injected using the
experimental setup depicted in Fig. 3A. In this
case, timing of the photon pairs was achieved
by leveraging the HOM interference effect (40)
[supplementary text IX (33)]. After that, one
arm of the HOM interferometer was directed
toward the sample while the other port was
blocked. This arrangement and its variants
allowed us to excite the sample with basis vec-
tors |20),|02), or |11). At the output, the sample
was aligned with a two-element multimode
fiber array that had a pitch of 127 um, to match
the fan-out of the APT filter’s waveguides. The
multimode fibers were then routed to single-
photon detectors, interfaced with a time tagger
for time-correlated single-photon counting. As
before, to characterize the evolution dynamics
of the two-photon quantum state, we performed
a series of measurements on samples with a
constant imaginary coupling factor but vary-
ing lengths (3 to 10 cm). As anticipated, after
sufficient propagation distance (z » 1/T"), the
output consistently converged to the system’s
attractor state, as shown in Fig. 3B for the |20)
input state. Next, we tested the APT filter by
launching the other aforementioned two-photon
input states and monitoring their dynamics after
propagation over a distance of 3 to 10 cm. In
all cases, the output state consistently exhibited
the expected detection probabilities (Figs. 3C).
These initial measurements suggested that the
observed state is of the form (|20) + ¢/*1(02))/
2 + &%11) /v/2. To identify the relative phases
0; and ¢,, we next performed interferometric
measurements to reconstruct the density matrix
using quantum tomography techniques. By fur-
ther examining the output state using a ba-
lanced and quarter-wave-shifted 3dB coupler,
we determined ¢, = 0 and ¢, = 7 (see Fig. 3D).
The observed entangled state was consistent
with our theoretical predictions, as shown in
Fig. 3E.

The experiments above highlight the univer-
sality of the APT filter across different photon
subspaces. This is attributed to the presence of
a solitary attractor in each subspace, facilitated
by the interplay of non-Hermiticity and photon-
photon interference. Although our current set-
up limits us to IV = 2 photons, the APT filter
can function under N-photon excitation con-
ditions, where the zero-loss quantum state
attractor assumes the form [supplementary
text X (33)]

N 1

0y ae (§ )W - @)

k=0

Furthermore, these states are resilient to phase
or structural perturbations manifested in the
Lanczos array. Indeed, when the eigenvector is
perturbed after reaching a steady state, it auto-
matically returns to equilibrium after propagat-
ing over a distance on the order of & » 1/T". This
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examining the APT entanglement filter under two-photon excitation. BS, beam
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characterized by measuring samples with the same APT coupling parameter T’
for different propagation distances. (C) Probabilities of detecting photons
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Fig. 4. Resilience of the APT entanglement filter. (A) Ensemble response of the system’s evolution with
approximately 10% variation in the coupling coefficients. Even in the presence of this perturbation, the output
still settles into the entangled state. (B) The evolution of the fidelity of the APT state.

behavior is analogous to that of a decoherence-
free subspace, where states propagate without
being substantially affected by environmental
noise (Fig. 4A) [supplementary text XI (33)].
In addition to its reduced implementation com-
plexity, an advantage of the APT filter lies in its
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capacity to achieve the target state with high
fidelity, circumventing the constraints associ-
ated with other filtering techniques. For ex-
ample, measurement-based protocols typically
exhibit lower fidelities, whereas double Ryd-
berg excitation filters face intrinsic challenges

21 .

z

go.s =05

S0 o .
\ll)\ZO)\OZ [11) |20) [02) =

(D) Quantum state tomography measurements. Additional configurations

based on a 50/50 coupler with phase shifts of O and n/4 in one of the arms are
used to uniquely identify the phases. (E) Theoretically calculated (top) and
experimentally measured (bottom) two-photon density matrix p = |y)(y| at

z =10 cm. Experimental errors, indicated by orange cylinders, typically ranged

in suppressing unwanted interactions. To quan-
tify this aspect, we defined the fidelity F through
the diagonal elements of the density matrix
using Bhattacharyya centroids (41), as F =
ZPexmeeas, where, Py, represents the ex-
pected probability of the entangled wave func-
tion [e.g., |w) = (|20) 4 |02))/2 — [11)/4/2 for
two-photon excitation], and P,.,s denotes the
measured probability from the APT system. In
this context, the measured fidelity of the APT
entanglement filter exceeds 99% for & > 1/T", as
shown in Fig. 4B. Finally, it should be noted
that the filter introduced in this work has the
capability to purify mixed states [supplemen-
tary text XII (33)].

Concluding remarks

We have demonstrated that non-Hermiticity
in the form of APT symmetry can be harnessed
to realize a class of entanglement filters. We
designed the APT structure using a method-
ology based on isospectral Lanczos transfor-
mations and experimentally validated it under
both single- and two-photon excitation condi-
tions. The filtering response was achieved in a
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linear manner through the interplay of photon-
photon interference and dissipation engineer-
ing. Furthermore, implementing APT systems
within a completely Hermitian environment
presents a promising path forward in non-
Hermitian quantum mechanics, eliminating
the need for absorbing or amplifying mate-
rials. Ultimately, by enabling the on-demand
generation of entangled photons and nonde-
structive entanglement purification on-chip,
this work sets the stage for advanced quantum
technologies to be developed on integrated and
compact platforms.
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WORKING LIFE

By Nina Ockendon-Powell

1430

ADHD, at 42

itting in the seminar I realized I was holding myself still. Upright, contained. I needed to move,
even just a little bit. In the past I would have resisted the urge, but now I was empowered with
some life-changing knowledge: At the age of 42, I had just been diagnosed with attention-deficit/
hyperactivity disorder (ADHD). Keeping still in settings where that’s the social norm was one of
many masks I'd worn for years—and as I shifted in my seat, it felt good to remove it.

I didn’t know much about ADHD
until a few years ago. I'd held
the common misconception that
ADHD was about fidgety, naughty
children who didn’t do very well at
school. But I loved learning and had
never really struggled to apply my-
self. Nor had I been badly behaved
or hyperactive.

I had, however, always had an
overactive brain. I experienced
a constant and rapid stream of
thoughts, exasperating my mother,
who was often telling me to “switch
that brain off” I was also a chronic
daydreamer and very emotionally
sensitive. This internalized energy
had nowhere to go, so it manifested
as anxiety. I didn’t know it then, but
these symptoms are hallmarks of
ADHD in women and girls.

It wasn’t until an ill-fated at-
tempt at a Ph.D., where I was bullied by a colleague, that
the anxiety became problematic. I was unable to finish the
work, so wrote it up as a master’s. Emotionally devastated,
I ran as far away from academia as I could, spending years
in various roles in the civil service. I was also misdiagnosed
with generalized anxiety disorder.

Yet my love of science didn’t go away. I eventually went
back to complete my Ph.D. in a topic I felt passionate
about, in a highly supportive group, and then pursued a
research career. It wasn’t a smooth path: On some days I'd
be focused and confident, whereas on others adrenaline
and emotion derailed my productivity. This roller coaster
ride of anxiety left me struggling to believe I would make
it as an independent academic. By my early 40s, I was
feeling more overwhelmed than ever: Not only did I have
a career to worry about, but I was now also the primary
caregiver for two small children.

One day, my mother told me about a friend’s child who
was an adult with ADHD. They sounded a lot like me, she
said. Within the year, I received an official diagnosis.

My diagnosis was transformative—but it brought bitter
regrets. I grieved for the life and career that could have

“My diagnosis was
transformative—but it brought
bitter regrets.”

been had my ADHD been detected
earlier. I might have coped better
with the negative first Ph.D. expe-
rience, for instance, and continued
my studies in a related field rather
than leaving academia—a decision
that still affects how I am assessed
in grant and job applications. And
if I had understood the cause of my
anxiety, I could have started the
right treatment to manage it.

But I also came to understand
how ADHD has given me unique
strengths. I used to criticize my-
self for not being great at any one
thing, but I've since realized my di-
verse abilities and creativity make
me an innovative interdisciplinary
thinker, which is a huge benefit in
academia. I also realized that my
emotional intelligence, intuition,
and infectious energy make me a
good leader, while my tendency to become intensely ab-
sorbed in interesting activities means I work well to grant
deadlines. And I saw how I’d had to work harder than neuro-
typical peers to get to the same level, giving me a resil-
ience that now keeps me committed to achieving my goals.

I was initially worried about divulging my diagnosis
to my colleagues—but I've found that most people have
been supportive and understanding. I'm lucky my peers
talk openly about neurodiversity. That’s not always the
case: Academia can be very traditional and dogmatic,
and it’s important we create a culture where everyone
feels they belong.

A year into my ADHD diagnosis, I've established daily
well-being habits including exercise, mindfulness, and
a good diet, and I'm taking medication. Thanks to these,
combined with my ADHD superpowers of hyperfocus and
creatively connecting ideas, I'm now making strides in my
career—and finally beginning to believe I have what it takes
to succeed in science.

Nina Ockendon-Powell is a molecular and computational ecologist/
pathologist at the University of Bristol.
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