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AAAS DAVID AND BETTY HAMBURG
AWARD FOR SCIENCE DIPLOMACY

SUBMIT A NOMINATION TODAY
Deadline June 30, 2021

The AAAS David and Betty Hamburg Award for
Science Diplomacy recognizes an individual or

a limited number of individuals working together
in the scientific and engineering or foreign affairs
communities who are making an outstanding
contribution to furthering science diplomacy.

Over the past 28 years, AAAS has honored an
international cadre of science luminaries for their
contributions to international scientific cooperation
and science diplomacy. This year, the award has
been renamed for David and Betty Hamburg

to recognize their unparalleled commitment to the
significant role of science diplomacy to advance
science, human rights, peace, and cooperation.

» The award is open to all regardless of
nationality or citizenship.
» We accept self-nominations.

» Nominees must be living at the time
of their nomination.

To learn more, visit

aaas.org/awards/science-diplomacy/about

AAAS gratefully acknowledges the Carnegie Corporation of New York for their
generous support to launch the AAAS David and Betty Hamburg Award for
Science Diplomacy and the individuals and foundations whose contributions
have begun an endowment that will allow us to sustain it in perpetuity.
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2016 WINNER

Minister Naledi Pandor, Ph.D.
South African Minister of
International Relations

and Cooperation

Recognized for using science and
technology to support development in
South Africa and sub-Saharan Africa.

Winners will receive:
+ Monetary prize of $10,000
« Commemorative plaque

» Worldwide promotion of their achievements
through AAAS communication channels,
including AAAS publications, member news,
website, and social media

» Complimentary registration to the
2022 AAAS Annual Meeting

* Reimbursement for travel and hotel expenses
to attend the AAAS Annual Meeting

* The opportunity to publishin
Science & Diplomacy

IVAAAS

AMERICAN ASSOCIATION FOR
THE ADVANCEMENT OF SCIENCE




AWAR
A“-AS PRIZE
AAAS Mani L. Bhaumik Award for

Public Engagement with Science

CALL FOR NOMINATIONS
Deadline June 30, 2021

The AAAS Mani L. Bhaumik Award for Public Engagement

with Science celebrates notable scientists and engineers who

demonstrate excellence in their contribution to public engagement

with science. Public engagement emphasizes dialogue and AAAS is grateful to quantum
promotes meaningful exchanges with the public about science- and physicist Mani L. Bhaumik for
technology- related issues in society. his generous contribution to

endow this award, which will allow
The recipient receives a monetary prize of $5,000 and

recognition at the 2022 AAAS Annual Meeting.

AAAS to continue to recognize
individuals whose creative

AAAS is seeking nominations for the 2022 award recipient to join methods are engaging the public

our list of esteemed award winners. For more information and to in significant ways.

submit a nomination, visit: aaas.org/PESAward PHOTO CREDIT: Mani L. Bhaumik

RECOGNIZING PAST AWARD WINNERS

Esther Ngumbi J. Marshall Shepherd Richard Alley May Berenbaum Robert Ballard
2021 2020 2012 2009 1989

AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF SCIENCE

PHOTO CREDITS: Esther Ngumbi: Esther Ngumbi / J. Marshall Shepherd: American Meteorological Society / %‘ AA-AS
Richard Alley: Richard Alley / May Berenbaum: L. Brian Stauffer / Robert Ballard: Emily Shur/National Geographic /
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NEWS

IN BRIEF
1018 News at a glance

IN DEPTH

1020 Applied research gets hig role

in Biden’s budget

2022 spending plan envisions new
entities for translating basic research into
practical tools By J. Mervis and D. Malakoff

1021 Image sleuth faces legal threats
Scientists rally around Elisabeth Bik
after accusations of

harassment and blackmail

By C. O'Grady

1022 To study swarming cicadas,

it takes a crowd

Cellphone-wielding observers track when
and where the insects emerge

By I. Graber-Stiehl

PODCAST

1024 Mexican funding agency
forces out early-career researchers
Conacyt faces at least 145 wrongful
termination lawsuits

By R.Pérez Ortega and I. Gutiérrez Jaber

1025 NAS ousts member for first time,
for sexual harassment

Academy removes astronomer

Geoffrey Marcy By J. Kaiser
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FEATURES

1026 The internet goes quantum

A global network that would use quantum
“entanglement” to weave intimate ties
between far-flung users is beginning to take
shape By G. Popkin

INSIGHTS

BOOKS ET AL.
1030 Summer reading 2021

PERSPECTIVES

1036 When sharks nearly disappeared
A previously unidentified extinction event in
the open ocean decimated pelagic sharks
By C. Pimiento and N. D. Pyenson

REPORT p. 1105

1037 Calibrating experiments at
atom-crushing pressures

Shockless compression of platinum

and gold provides pressure standards to
>1 terapascal By R. Jeanloz

RESEARCH ARTICLE p. 1063

1038 A LoCK at the T cell dock

Topology of T cell receptor—antigen binding
constrains T cell activation

By V. Horkova and O. Stepanek

RESEARCH ARTICLE p. 1056

1040 Rewriting the genetic code
Making room in the genetic code allows
the creation of designer proteins with new
building blocks By D. Jewel and A. Chatterjee
RESEARCH ARTICLE p. 1057

1041 Antibody sugars are bittersweet
Antibodies that lack specific sugar
modifications can worsen acute viral diseases
By R. de Alwis and E. Eong Ooi

REPORT p. 1102

1043 Uncertain effects of the
pandemic on respiratory viruses
Expanded genomic and clinical surveillance
are needed to understand the spread of
respiratory viruses By G. B. Gomez et al.

POLICY FORUM

1045 Agricultural productivity must
improve in sub-Saharan Africa

The region must pivot from area expansion to
increasing crop yields on existing farmland
By T.S. Jayne and P. A. Sanchez

sciencemag.org SCIENCE
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LETTERS

1048 Protect high seas
biodiversity
By R.R. Helm

1049 Trophy hunting undermines
public trust
By V. D. Popescu et al.

1049 Brazil’s doomed
environmental licensing
By R. Ruaro et al.

1050 Technical Comment
abstracts

RESEARCH

IN BRIEF
1051 From Science and other journals

REVIEW

1054 Gravitational waves
The first 5 years of gravitational-wave
astrophysics S. Vitale

REVIEW SUMMARY; FOR FULL TEXT:
DOI.ORG/10.1126/SCIENCE.ABC7397

RESEARCH ARTICLES

1055 Transcription
Structures of the human Mediator and
Mediator-bound preinitiation complex

X.Chen et al.
RESEARCH ARTICLE SUMMARY; FOR FULL TEXT:

DOI.ORG/10.1126/SCIENCE.ABG0635

1056 Immunology
Canonical T cell receptor docking on
peptide-MHC is essential for T cell signaling

P Zareie et al.
RESEARCH ARTICLE SUMMARY:; FOR FULL TEXT:
DOI.ORG/10.1126/SCIENCE.ABE9124

PERSPECTIVE p.1038

1057 Synthetic hiology

Sense codon reassignment enables viral
resistance and encoded polymer synthesis
W. E. Robertson et al.

PERSPECTIVE p.1040; PODCAST

1063 High pressure

Establishing gold and platinum standards to
1 terapascal using shockless compression
D. E. Fratanduono et al.

PERSPECTIVE p. 1037

1068 Neurodevelopment

Reciprocal repulsions instruct the precise
assembly of parallel hippocampal networks
D.T. Pederick et al.

REPORTS

1074 Electrochemistry
CO, electrolysis to multicarbon products in
strong acid J. E. Huang et al.

1078 Hydrogels
Tough hydrogels with rapid self-
reinforcement C. Liu et al.

1081 Gamma-ray bursts

Revealing x-ray and gamma-ray temporal
and spectral similarities in the GRB 190829A
afterglow H.E.S.S. Collaboration

1085 Genetics of obesity

Extensive pleiotropism and allelic
heterogeneity mediate metabolic effects of
IRX3 and IRX5 D.R. Sobreira et al.

1092 Coronavirus
Household COVID-19 risk and in-person
schooling J. Lessler et al.

1097 Paleoclimate

Antarctic surface temperature and elevation
during the Last Glacial Maximum

C. Buizert et al.

1102 Immunology

Antibody fucosylation predicts disease
severity in secondary dengue infection
S. Bournazos et al.

PERSPECTIVE p. 1041

1105 Paleontology

An early Miocene extinction in pelagic
sharks E. C. Sibert and L. D. Rubin
PERSPECTIVE p. 1036

1108 Coronavirus

Prevalent, protective, and convergent
IgG recognition of SARS-CoV-2
non-RBD spike epitopes W.N. Voss et al

DEPARTMENTS

1017 Editorial
Come on, CDC, we need you
By H. Holden Thorp

1118 Working Life
Seeing beyond atest By Natalia Aristizébal

ON THE COVER

The human transcription preinitiation complex
(PIC; pink and red) and multisubunit Mediator
complex (orange, left) are assembled into a
supercomplex (76 polypeptides, molecular mass:
4.1 megadaltons) on a promoter region of DNA
(orange coil, center) to initiate gene transcription.
Mediator binds RNA polymerase Il (purple) in

the PIC and stimulates
phosphorylation of

its C-terminal domain
(highlighted in white),
acritical eventin
transcription initiation.
See page 1055. lllustration:
V. Altounian/Science;

Data: Y. Xu/Fudan University
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EDITORIAL

Come on, CDC, we need you

he US Centers for Disease Control and Preven-
tion (CDC) has had a rough few weeks. At first,
it was criticized for being too cautious about
its mask guidance for vaccinated individuals.
Then, when it abruptly changed its mask recom-
mendation for those who had been vaccinated,
it was criticized for acting suddenly and with-
out clearly explaining the reason for the new guidance
and what it meant for the unvaccinated. Meanwhile,
author Michael Lewis released a bestseller about prob-
lems at the CDC that go back decades, with local and
state public health officials fighting pandemics in the
face of inaction and confusion from the agency. The
CDC is in a difficult position: In the course of carrying
out its appointed task of communi-
cating science and promoting the
best health practices, it can also
appear to be making policy—and
that is not supposed to be its job.
But where do you draw the line
between proffering advice and pro-
mulgating policy? Maybe the CDC
and the administration need to
step back and consider if there is
a better way for the agency to pro-
tect public health.

According to its website, the
CDC “conducts critical science and
provides health information that
protects our nation against expen-
sive and dangerous health threats”
(italics mine). The first part is easy
to understand. CDC scientists conduct research and
marshal scientific information for public release. Al-
though the muzzling, contradicting, and rebuking of
the CDC by the Trump administration made this part
of the mission hard to see, there’s no reason to think
that the agency isn’t performing this task well.

It’s the second part of the mission where the agency
has been getting tripped up. The public cares much
less about the details of scientific studies than about
the upshot. Do they need to wear a mask? Can they go
back to work? Can they hug their grandchildren? To
scientists, it makes perfect sense that the answer to
these questions is “it depends, and there is still some
risk.” But caveats are hard to sell to a public hungering
for specific directions.

The CDC has been occupying a gray zone some-
where between the very different worlds of science
and politics. Threading this needle requires serious

“The CDC has
heen occupying
a grayzone...

hetween...
science
and politics.”

chops in both communications and politics. Scien-
tists get penalized—perhaps unfairly and unproduc-
tively—for reporting a finding that must be modified
relatively quickly because of new results. The nature
of science includes an unstated qualification that find-
ings are subject to change. Political leaders, on the
other hand, must often act on incomplete informa-
tion. In the face of uncertainty, they are expected to
make clearcut decisions. They get penalized if they get
it wrong, but also if they fail to take action. So, is the
CDC director a scientist or a political leader? If a scien-
tist, then there are some pretty straightforward things
to say. COVID-19 is a deadly disease caused by an air-
borne virus, so masks work. Period. The vaccines are
expected to provide outstanding
protection and slow viral transmis-
sion, though we won’t know with
absolute certainty until studies
are done in humans. The vaccines
perform extremely well against the
variants that have emerged so far,
but there could always be a new
one that changes the game.

The politics—how to use the sci-
ence to formulate public policy—are
a trickier matter. Will seeing vacci-
nated people without masks cause
unvaccinated people to let down
their guard? Does the slight chance
that vaccinated people might still
spread the virus justify keeping
mask mandates in place, especially
to protect young children and immunocompromised
adults who cannot get vaccinated or mount an immune
response? Will explaining the nuances of the effective-
ness of vaccines lead to more or less hesitancy?

It’s time to think harder about the role of the CDC.
If the agency is to continue its integrated mission,
then it must be made very clear that it offers indepen-
dent advice, not commands, and that the final word
on public health policy comes from federal, state, and
local political leaders. In this capacity, CDC must be
given enough clout to hold its own among the forces
in Washington, DC. As an alternative, the CDC could
stand back and act strictly as a scientific research
agency, but that would feel like a loss. Either way, we
literally can’t live without the CDC. We just need to
sort out our expectations.

=H. Holden Thorp

H. Holden Thorp
Editor-in-Chief,
Science journals.
hthorp@aaas.org;
@hholdenthorp

10.1126/science.abj7320
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k& Truly surrealistic. Hopefully, this all stops soon. 99
Anthony Fauci, director of the U.S. National Institute of Allergy and Infectious Diseases,
in emails in March and April 2020, as reported by The Washington Post, about a surge in Fauci
socks, doughnuts, and fan art at the pandemic’s start.

IN BRIEF

POLICY

Edited by Jeffrey Brainard

Biden requests probe of COVID-19 origin

resident Joe Biden last week joined the chorus calling for a
fuller, more transparent investigation into whether the virus
behind the COVID-19 pandemic escaped from a laboratory
in Wuhan, China. In a statement, he said he has “asked the
Intelligence Community to redouble their efforts to collect and
analyze information that could bring us closer to a definitive
conclusion, and to report back to me in 90 days.” Biden added that
the inquiry will also involve unspecified work by U.S. national labo-
ratories. Multiple countries, including the United States and United
Kingdom, and various groups of scientists have recently renewed
calls for China to allow a more thorough investigation of the lab-leak
scenario than a World Health Organization (WHO) team conducted
earlier this year. At a U.S. Senate hearing last week, top National
Institutes of Health officials testified that a lab leak was a credible
explanation for the emergence of SARS-CoV-2, although less likely
than the virus spilling over from wild or domesticated animals into
people. A representative of China told WHOQO’s annual health assembly
last week that the “China part” of the origins investigation “has been
completed,” suggesting no further studies there would be considered.

China vaccine validated

puBLIC HEALTH | CoronaVac, the COVID-
19 vaccine made by China’s Sinovac Biotech,
got two boosts this week. Despite lingering
questions about the protection conferred by
the vaccine, which uses inactivated SARS-
CoV-2, the World Health Organization
(WHO) gave it an emergency use listing,
which makes it eligible for distribution by
an international consortium—the COVID-19
Vaccines Global Access Facility—to low-
income countries. Other countries often
embrace WHO’s guidance on vaccines as
well. Separately, Brazilian scientists who
administered CoronaVac to nearly all adults
in Serrana, a town in the state of Sao Paulo,
said it stifled COVID-19 there. Symptomatic
cases dropped 80%, related hospitaliza-
tions fell 86%, and deaths plummeted 95%.
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The researchers speculate the town may
have reached “herd immunity,” the point
at which the pandemic coronavirus has
trouble finding new people to infect, when
about 75% of the town’s eligible adult resi-
dents were fully vaccinated.

Inflamed hearts tied to vaccine

PUBLIC HEALTH | Pfizer’s COVID-19 vac-
cine may be linked to rare cases of a heart
muscle inflammation called myocarditis,
especially in young men, researchers in
Israel said this week. In men between

16 and 24 years old, more than one in
6000 recipients were affected, about five
to 25 times the background rate in this
population, the team said in a report

to Israeli health authorities. Most cases
appeared days after the second dose of

the messenger RNA (mRNA) vaccine, were
mild, and resolved quickly. Israel and many
European countries are debating whether
younger teenagers should receive COVID-
19 inoculations. The United States and
other countries continue to investigate
myocarditis in people who received mRNA
vaccines from Pfizer or a second maker,
Moderna, but several researchers say their
benefits still exceed the risks, including in
young people.

WHO renames virus variants

covip-19 | To avoid stigmatizing nations,
the World Health Organization (WHO) on
31 May announced a new naming system
for variants of the pandemic coronavirus
that have until now been informally identi-
fied by the countries in which they were
discovered. The proposed naming nomen-
clature, intended for the public, is based on
Greek letters. For example, four “variants
of concern” originally found in the United
Kingdom, South Africa, Brazil, and India
will now be designated, respectively, alpha,
beta, gamma, and delta. (Such variants are
more transmissible or deadly than original
SARS-CoV-2 strains, or evade natural or
vaccine-induced immunity.) Technical
names and naming systems for variants,
already widely used by scientists, will
remain in use, WHO said.

Public studies of Alzheimer’s rise

DRUG DEVELOPMENT | A growing propor-
tion of U.S. clinical trials of experimental
Alzheimer’s treatments are funded by the

A larger public role
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NATURAL HAZARDS

he nearly 400,000 people who evacuated their homes in
the Democratic Republic of the Congo in late May, fleeing
the eruption of Mount Nyiragongo, were waiting this week
for hazard specialists to give them clearance to return.
The volcano’s lava and gases killed more than 30 people
and spawned small earthquakes that have continued. Scientists
remain on alert for a potential, rare, “limnic” discharge of carbon

government rather than pharmaceutical
companies, researchers reported last week.
Data posted on the registry ClinicalTrials.
gov revealed that in 2020, more than

half of all trials were supported either by
academic medical centers—most of which
were funded by the National Institutes of
Health—or by public-private partnerships,
in which companies join government agen-
cies, academic institutes, or foundations
to test drugs. (The public-private alliances
distribute costs and risks in a field where
failure is common.) For disease-modifying
treatments, which aim to alter the course
of the disease rather than just treat
symptoms, support from these two sectors
nearly doubled and tripled, respectively

(p. 1018), according to the analysis in
Alzgheimer’s & Dementia: Translational
Research & Clinical Interventions, pub-
lished by the nonprofit Alzheimer’s
Association. Public funding plays a smaller
role, however, in large, pivotal trials of
potential Alzheimer’s drugs: All 14 ongoing
phase 3 trials in the database had industry
support as of 2020, and 11 were sponsored
solely by companies.
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Risks linger after eruption of Congo volcano. -

JAMA head resigns over podcast

RACIAL JUsTICE | Howard Bauchner will
step down as editor-in-chief of JAMA effective
30 June, the American Medical Association
said this week. The announcement comes

4 months after the prestigious medical
journal published a controversial podcast and
associated tweet questioning the existence

of structural racism in health care. After
public criticism, then-Deputy Editor Edward
Livingston, who hosted the podcast, resigned.
Although Bauchner said in a statement that
he did not create the podcast or write the
tweet, he concluded that as editor-in-chief,

“I am ultimately responsible for them.”
Bauchner had held that title for 10 years.

Drug oversight program revived

REGULATION | The U.S. Food and Drug
Administration (FDA) last week reversed a
decision by the Trump administration to end
a program that requires manufacturers to
obtain regulatory approvals for drugs allowed
on the U.S. market many years ago under less
strict standards. In an unusual statement,

Ariver of lava from Mount
Nyiragongo swallowed
up houses near Goma,

Democratic’Republic of the
Congo, causing deaths.

dioxide from nearby Lake Kivu, where Nyiragongo's eruption
might trigger a massive release of the gas sequestered in the
lake's depths—a deadly suffocation risk for those onshore.
Researchers consider Nyiragongo one of Africa’s most dangerous
volcanoes, partly because its lava is low in silica, making it fast
moving, and because the city of Goma, population 1.5 million, is
just 10 kilometers away.

FDA said the Trump action was based on
“multiple legal and factual inaccuracies.” The
move gives a reprieve to the Unapproved
Drugs Initiative, started in 2006, which
requires updated approvals, although it

has been criticized for allowing approvals
based only on literature reviews, without
new clinical trial data.

Science office head confirmed

poLicy | The U.S. Senate last week con-
firmed geneticist Eric Lander as director

of the White House Office of Science and
Technology Policy. Lander will also serve as
President Joe Biden’s science adviser and
hold a seat in his Cabinet. Lander, 64, has
long held prominent roles in U.S. science
policy and also led the Broad Institute and
co-led the public Human Genome Project to
the completion of a first draft in 2001. His
nomination by the White House pleased
many researchers. Others were critical,
noting that Lander has a history of conflict
with other researchers, and some were
disappointed Biden did not make history by
nominating a woman or person of color.
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Efforts to develop cleaner energy technologies, such as better wind turbines and more efficient trucks, would get major funding increases under a budget proposal.
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Applied research gets big role in Biden’s budget

2022 spending plan envisions new entities for translating basic research into practical tools

By Jeffrey Mervis and David Malakoff

ast week, President Joe Biden unveiled
a proposed 2022 budget for the U.S.
government that would boost federal
spending on R&D by 9%, or $13.5 bil-
lion, including what he calls “the big-
gest increase in non-defense [R&D]
spending on record.” The plan puts an un-
precedented emphasis on translating sci-
entific discoveries into practical tools for
fighting climate change and disease, bolster-
ing the economy, and tackling other issues.

Although Congress is certain to reject or
revise parts of the proposal, its support for
even a portion of Biden’s ambitious vision
might lead to numerous new funding enti-
ties and alter how the government invests
in academic research.

The $6 trillion spending blueprint re-
leased on 28 May adds greater detail to a
skeletal plan Biden presented in early April
(Science, 16 April, p. 221). It asks Congress
to boost spending on a wide swath of non-
defense science (see table, p. 1021), with
increases of 20% or more for research pro-
grams at the National Institutes of Health
(NIH), the National Science Foundation
(NSF), the U.S. Department of Agriculture
(USDA), and other agencies. It also incudes
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a 30% boost for clean energy R&D. At the
same time, Biden wants an 11% cut in basic
research spending by the military, which is
a key funder of academic research in math,
computer science, and engineering.

The overall R&D request of $171 billion
would give applied research a greater in-
crease than basic, curiosity-driven research.
That preference suggests the Biden adminis-
tration “is, to some extent, thinking about sci-
ence as more of a problem-solving enterprise
[than] a discovery enterprise,” says David
Hart, an R&D policy specialist at George Ma-
son University. Other wealthy countries have
already moved in that direction, recognizing
that “rebalancing” research funding to em-
phasize “more applied research is essential
to solving national problems,” notes Rebecca
Dell of the ClimateWorks Foundation, who
leads a program that works with industry to
reduce greenhouse gas emissions.

That philosophy is especially visible in
proposals for adding entities focused on
applied research to several of the govern-
ment’s biggest basic science funders. NSF,
for example, would get a technology, inno-
vation, and partnerships (TIP) directorate.
Biden also wants to create three agencies
modeled on the Defense Advanced Re-
search Projects Agency (DARPA), a Penta-

gon office created during the Cold War to
help the country keep up with the Soviet
Union and known for its agility in funding
risky but potentially high-payoff research.

NIH would add ARPA-Health, getting
$6.5 billion, to be spent over 3 years, to
fund “transformational innovation in
health research.” Eight agencies would be
involved in funding a $500 million ARPA-
Climate, with $200 million coming from
the Department of Energy and $95 mil-
lion from USDA. The budget doesn’t clarify
where ARPA-Climate would be housed or
who would be in charge. Even the De-
partment of Transportation would add
an ARPA, “to accelerate technology that
improves infrastructure performance,” al-
though the budget doesn’t specify its fund-
ing level. (Ironically, Biden requested less
than a 1% increase for DARPA, leaving it at
$3.5 billion.)

Research advocates, including those rep-
resenting academic institutions, welcomed
Biden’s backing of research. “The proposed
historic increases ... will foster innovation
and fuel long-term economic growth,” says M.
Peter McPherson of the Association of Public
and Land-grant Universities.

But many have questions about how the
new funding mechanisms would work. One

sciencemag.org SCIENCE
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sensitive issue is how to ensure that NSF’s
new TIP directorate and the new ARPAs will
be able to operate as intended, and won’t
duplicate or potentially harm existing pro-
grams that enjoy broad political support.

In the case of ARPA-Health, some observ-
ers have questioned whether NIH, which
has a reputation for being risk averse, is
the right home for a new agency designed
to think outside the box. ARPA-Health “will
need to be audacious, nimble, and have
unique authorities,” says Ellen Sigal, chair
and founder of Friends of Cancer Research,
who supports the idea but has concerns
about how it will be implemented.

The budget notes that ARPA-Health “will
have a distinctive culture and organizational
structure” as well as an advisory board. And
NIH Director Francis Collins confronted
the issue a few days before
the budget’s release, as-
suring panels in Congress
that NIH can adopt “kind
of a DARPA attitude.” As
proof, he noted NIH had
quickly disbursed billions
of dollars to develop treat-
ments and vaccines to
battle COVID-19.

Opening bids

Many civilian science programs would
see major budget increases under
President Joe Biden's 2022 budget
plan, but Congress is unlikely to
support all of the requests.

% 2022 REQUEST

will come from absorbing existing NSF pro-
grams. Both the White House and the Senate,
which is close to approving broader legisla-
tion designed to out-innovate China that also
includes language creating the new director-
ate, envision explosive growth for TIP. Biden’s
budget sets a target of $10.7 billion by 2026,
whereas the Senate bill calls for $8.4 billion
that year.

However, even some senators who support
the TIP directorate and a larger NSF budget
question whether NSF, with its tradition of
supporting basic research, is the best agency
to spur U.S. economic growth and bolster
national security. Last week, for example,
Senator Ben Sasse (R-NE) persuaded his col-
leagues to add language boosting DARPA’s
spending to the bill creating TIP, arguing
the military agency is a better driver of in-
novation. “The NSF is Bill
Nye, the Science Guy, and
DARPA is a real-life Mis-
ston I'mpossible,” Sasse as-
serted in explaining his
amendment, which would
double DARPAs annual
budget. “Both are in the sci-
ence business, but only one
of them [DARPA] scares

CHANGE  ($ BILLIONS)

Still, some research the crap out of China.”
advocates worry ARPA- NIH 2% $52 The proposed ARPA-
Health might become  NSF 20.2% $10.2 Climate comes with its own
simply a larger version of  NASAscience  9.8% $79 complications. It would be
the Common Fund, an ex- - an unusual “cross-agency
isting NIH pot of money DOE science 53% § agency,” Hart notes, and the
that critics say has failed  Agricultural 19% $4 involvement of eight differ-
to fund enough innovative research ent funding sources means
research. Many lawmakers  USGS 24.8% $16 multiple  appropriations
and advocates also want NISTresearch  16.5% $0.9 cqmmittees in .Congr.ess
to be sure ARPA-Health will have a say in setting
doesn’t end up draining EPAscience  139% $0.8 its annual budget. And,
money from NIH’s 27 exist-  NOAA 26% $0.7 he says, the White House
ing institutes, and are lob-  research could face “a big burden
bying Congress to enlarge  pefense basic -10.9% $24 coordinating a broad range

the agency’s overall budget.  science
Similar tensions are
in play at NSF. The proposed TIP direc-
torate is the result of a yearlong discus-
sion, largely catalyzed by Senate Majority
Leader Chuck Schumer (D-NY), on how
to re-engineer NSF to help the United
States compete with China and other rising
global powers. NSF Director Sethuraman
Panchanathan says the directorate will be “a
cross-cutting platform” that will help NSF
advance research in 10 key technologies,
take discoveries to market, and train the
next generation of scientists and engineers.
It will work “in close collaboration with all of
NSF’s [seven other] directorates and offices”
to maximize its effectiveness and avoid dupli-
cation, according to NSF budget documents.
The budget envisions TIP starting life with
$865 million, including $350 million that
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of agencies.”

Hiring staff to run the
new entities also could present a challenge,
observers say. “You’ll be asking people to
design and build the planes while flying
them,” says a Senate staffer who was not
authorized to speak on the record. But she
says it’s also a chance “to bring on a new
generation of smart, young people dedi-
cated to public service.”

Such problems are still a long way off,
however. It will take months for Congress
to vet Biden’s budget request and for the
White House and lawmakers to agree on fi-
nal numbers. If they don’t finish the job by
1 October, when the 2022 fiscal year begins,
current spending levels would likely be ex-
tended for weeks or months.

With reporting by Jocelyn Kaiser.

RESEARCH INTEGRITY

Image sleuth
faces legal
threats

Scientists rally around
Elisabeth Bik after
accusations of harassment
and blackmail

By Cathleen O’Grady

lisabeth Bik has built a career out of

hunting for evidence of errors and

misconduct in science. Now, for the

first time, scientists she has chal-

lenged are threatening legal action.

Lawyers representing one or more
authors who have published on the ben-
efits of “healing energy” have demanded
she retract her critiques of that work and
apologize. And a lawyer for Didier Raoult,
a controversial microbiologist at the Hos-
pital Institute of Marseille (IHU) Mediter-
ranean Infection in France, has accused
her of harassment and blackmail.

More than 1400 researchers have signed
an open letter—and more than 3000 others
have signed a petition—supporting Bik in
the wake of the threats. The letter reflects
a concern that “legitimate scientific criti-
cism can be squelched by behaviors that go
beyond scholarly debate,” says University
of Virginia social scientist Brian Nosek,
one of its authors.

In March 2020, Bik, who specializes in
identifying manipulated images in scientific
papers, blogged about her concerns with a
widely publicized paper Raoult published
on the antimalarial drug hydroxychloro-
quine, which former President Donald
Trump and others promoted as a cure for
COVID-19 but which failed to show benefits
in large, rigorous clinical trials. She posted
her critiques—and concerns about other pa-
pers of Raoult’s—on PubPeer, an online fo-
rum for feedback on scientific papers.

Bik says she then faced months of harass-
ment on Twitter from Raoult’s colleague,
IHU structural biologist Eric Chabriére,
and from anonymous accounts. Most of the
tweets question whether Bik is being paid
by pharmaceutical companies and whether
she profited from alleged securities fraud
at microbiome testing startup uBiome,
where she worked from 2016 to 2018. Other
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tweets have attacked Bik’s appearance and
threatened “justice” in “a real prison” in
France. Most frightening, Bik says, has
been the doxxing—publication of her home
address by both Chabriére and anonymous
accounts. Raoult and Chabriére did not re-
spond to requests for comment.

The episode is “bringing to science what
has already been brought to lots of other
areas—doxxing, threats, and intimidation,”
says Lisa Rasmussen, a research ethicist at
the University of North Carolina, Charlotte.

In a September 2020 French Senate
hearing on the country’s pandemic policy,
including its use of hydroxychloroquine,
Raoult denied ever having committed
fraud, but admitted there were errors in a
small fraction of his work. PubPeer now has
comments on 258 papers on which Raoult
is an author. Bik says she has flagged im-
age problems, ethical questions, and other
concerns in 63 of the papers.

Elisabeth Bik is an independent consultant who
specializes in detecting manipulated scientific images.

Raoult’s lawyer, Brice Grazzini, told
Science he filed a complaint against Bik
with the French public prosecutor in
April, although Bik has not been notified
or charged, and it’s not clear whether the
French legal system will act on the com-
plaint. Grazzini told the tabloid France-Soir
that an avalanche of notifications from
PubPeer—sent automatically when a pa-
per is flagged as problematic—constitutes
harassment; responding to these and to
questions from publishers has taken IHU
researchers “an insane amount of time,”
he said. Rasmussen, however, sees no
evidence of harassment and says Bik was
using the appropriate channels to voice
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her concerns. “If she was driving past his
house and stalking him, or threatening or
writing him personal emails, maybe there
would be some basis for harassment.”

Grazzini also says Bik offered to stop
criticizing IHU studies if the institute paid
her—a move he says constitutes attempted
blackmail. Bik says he is misrepresenting a
Twitter exchange she had with Chabriére,
who asked her to declare any ties with
pharmaceutical companies. She responded
with a link to her Patreon account to clar-
ify that pharmaceutical companies do not
pay her, but that she does accept fees from
universities and scientific publishers to in-
vestigate suspicious images. She says she
jokingly offered to investigate IHU’s pa-
pers for a fee.

In April, Chabriére tweeted a screen-
shot of a document naming Bik and Boris
Barbour, a neuroscientist at the Ecole Nor-
male Supérieure’s Institute of Biology who
helps run PubPeer, as the subjects of the
legal complaint. The tweet—now deleted—
included Bik’s full home address and was
the first she heard of the legal threat.

The second threat is from at least one
unidentified member of a research team
behind a series of papers that reported
beneficial effects of the Chinese art of Qi
Gong, or cultivating “life energy” Last
week, Bik, who has critiqued the papers
on PubPeer, Twitter, and her blog, received
emails from two lawyers threatening le-
gal action if she doesn’t retract her posts
and emails to journals about the work and
apologize in writing to the authors.

In the open letter, which addresses the
legal threat from Raoult, Nosek and his
cosignatories call on institutions such as
universities and funders to protect whistle-
blowers. Rasmussen, however, notes that
independent contractors like Bik don’t
have institutions to protect them. “Our
system of scientific reliability shouldn’t
depend on someone who’s trying to make
a living with her various consulting gigs,”
she says.

Mike Rossner, a data manipulation con-
sultant, says “people who have the author-
ity to request the source data underlying
the published images” should step in to
investigate Bik’s concerns. That includes
institutional research integrity officers and
journal editors.

The support expressed for Bik in the
open letter does not hinge on whether her
concerns prove valid, Nosek says, although
he thinks many are credible. “Her work is
serious and genuine. That does not mean
that her work is infallible,” he says. “But it
does mean that she should be able to do it
without being harassed and maligned be-
yond normal scholarly debate.”

COMMUNITY SCIENCE

To study
swarming
cicadas, it
takes a crowd

Cellphone-wielding
observers track
when and where the
insects emerge

By lan Graber-Stiehl

he billions of periodical cicadas
now crawling, fluttering, and sing-
ing from trees in the eastern United
States have roused a throng of hu-
mans as well, who are mapping the
insects and timing their emergence
in what may be the country’s longest pub-
lic science tradition. Using a free app called
Cicada Safari, more than 150,000 people so
far have uploaded geotagged photos of ci-
cadas, helping scientists track their emer-
gence after 13 to 17 years underground.

The insects are an ideal target for science-
inclined amateurs—unmissable and myste-
rious at the same time. “We just don’t know
what’s going on in their life” underground,
says Douglas Pfeiffer, an entomologist at
Virginia Polytechnic Institute and State
University. With just a handful of scientists
trying to understand a natural event both
massive and rare, aid from amateur scien-
tists is invaluable. In recent years, com-
munity reports have caught the formation
of new populations, helped study the link
between emergence and air temperature,
and traced how cicada populations re-
spond to stressors.

Periodical cicadas are grouped into
15 broods based on where and in which
years they emerge. Eggs laid in tree
branches hatch, and the nymphs fall and
burrow into the ground. There, they feed
on xylem from tree roots, molting four
times over the next 13 or 17 years, before
emerging when the ground temperature
reaches roughly 17.7°C. Then the frenzy of
calling and mating begins.

The public can use the Cicada Safari
app, released in 2019 by Gene Kritsky, an
entomologist at Mount St. Joseph Univer-
sity, to send photos to researchers, who

sciencemag.org SCIENCE

PHOTO: SGERBIC/CC BY-SA



PHOTO: B. DOUTHITT/SCIENCE

review the genus, location, and brood iden-
tity of paparazzied cicadas. Last year, the
abundance of data points revealed some-
thing unexpected: The first reports of ci-
cadas in 2020 weren’t from the expected
Brood IX, which mostly lives in Virginia,
West Virginia, and North Carolina. In-
stead, cicadas were emerging “from Geor-
gia, then South Carolina, then Alabama
and Missouri,” Kritsky says—areas where
an emergence wasn’t expected for another
4 years. “We were seeing what turned out
to be a 4-year acceleration of a 13-year ci-
cada emerging after 9 years.”

Only once, Kritsky says, have scien-
tists observed a large group of stragglers
successfully splinter off from its brood.
A group of Brood X cicadas (the same
enormous brood currently serenading
much of the East Coast), known to domi-
nate the area around Cincinnati, emerged
there in 2000, 4 years early. The cicadas
came out in such force that their numbers
overwhelmed predators, leaving them to
survive and mate. Then, 17 years later the
group emerged for a second time, having
spread in geographic range, and likely
formed a new brood.

Last year, Cicada Safari data showed that
not one, but four broods of periodical ci-
cadas emerged off-cycle. Stragglers, which
can emerge years before or after their
brood, aren’t uncommon. But the scale of
their 2020 emergence was. Kritsky says
last year’s stragglers may have given rise
to an entirely new periodical population.

Without the public, the full scope of last
year’s straggler event would likely have
been missed. And it was far from the be-
ginning of cicada citizen science. In 1843,
Gideon Smith, a doctor and silkworm cul-
tivator in Baltimore, convinced newspa-
pers to publish his appeals to readers to
report emergences of cicadas, which were
called locusts at the time. Smith claimed
to have ascertained “eighteen districts or
families of locusts. If each post master in
places where locusts appear will drop me a
line ... I shall be able to make out a map of
each district.” The ensuing mail campaign,
arguably the nation’s first large-scale com-
munity science, “was quite successful,” says
Kritsky, who wrote about Smith in Decem-
ber 2020 in American Entomologist.

“By time [Smith] died, in 1867, he had
documented all the known broods of peri-
odical cicadas,” Kritsky says.

Another entomologist, U.S. Department
of Agriculture (USDA) researcher Charles
Marlatt, used a mail-campaign initiative
to map periodical cicada distribution in
greater detail. In 1902, Marlatt spear-
headed a USDA operation to send out more
than 15,000 postcards soliciting reports of
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Emerging after 17 years, Brood X cicadas have captivated amateur scientists across the eastern United States.

cicadas. The 1000 responses helped him
delineate cicada broods by emergence year.

Later, mailed and phoned-in cicada re-
ports went to universities across the coun-
try. But the data varied widely in quality
and focus, says Chris Simon, an ecologist
and biologist at the University of Connecti-
cut, Storrs. She once received a marriage
proposal in the mail instead of data.

Kritsky’s app took cicada reporting on-
line. And more people than ever are tak-
ing part during the pandemic: Between
2019 and 2020, Cicada Safari’s user base
grew by nearly 50%, to 10,000 contribu-
tors. This year, with the emergence of
the massive Brood X, the app has leapt to
156,000 users.

In 2020, the team added the ability to
upload 11-second videos. Although Kritsky
and his colleagues have seen many videos
of children chasing cicadas, clips of cho-
rusing cicadas have also allowed the re-
searchers to verify the presence of mating
populations rather than one-off sightings.

Last year also marked the first scien-
tific paper based on Cicada Safari data.
Published by Michael Raupp, an entomo-
logist at the University of Maryland, Col-
lege Park, Kritsky, and colleagues in The
Maryland Entomologist in September
2020, it cross-referenced air temperature
with nymph emergences reported through
the app. The aim: to improve predictions
of cicada emergences using air tempera-
tures, which are far more available than
soil temperatures. With a small sample
size, the results were inconclusive. Nev-
ertheless, the paper marked another first:
using cicada community science to answer
nuanced questions, rather than simply re-
porting distribution and emergence dates.

Raupp thinks data from the public could
help address enigmas that still surround
cicadas, such as why stragglers break off
from broods. One idea: Warm winters may
cause cicadas to emerge in the wrong year.
Detailed data on weather and emergence
patterns might support that idea—or a dif-
ferent hypothesis about why some cicadas
miscount the passing years. (In a further
mystery, stragglers tend to miscount by
specific amounts, either 1 or 4 years.)

Without understanding the factors in-
fluencing emergence, it will be hard to
protect cicadas from threats that include
pesticides, development, and climate
change. Raupp says development may have
done in Brood XI, a 17-year cicada popula-
tion in Connecticut last observed in 1954.
And this year’s group, Brood X, has been
in decline on Long Island in New York for
nearly 200 years. Cicada Safari reports
should help, Raupp says, because research-
ers can cross-reference them with local re-
cords of land use and climate.

Michelle Watson, a retired paralegal
who has submitted more photos to Ci-
cada Safari than anyone else, says she has
grown addicted to contributing to the com-
munity of cicada enthusiasts. Watson, who
recently moved to Blue Ridge, Georgia, had
never seen periodical cicadas before this
year. While looking online for information
about whether they were safe for her dogs
to eat, she found Cicada Safari.

Even after this year’s cicadas disap-
pear once more, Watson says the passion
they’ve sparked for science projects will
likely stick around—for her, and tens of
thousands of others as well. =

lan Graber-Stiehl is a science journalist in Chicago.
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Mexican funding agency forces
out early-career researchers

Conacyt faces at least 145 wrongful termination lawsuits

By Rodrigo Pérez Ortega and
Inés Gutiérrez Jaber

hen biologist Adriana Gomez

Bonilla started her job at the Col-

lege of Michoacan, Zamora, in Sep-

tember 2014, she never imagined

she would become an expert on

labor rights. “It would’ve seemed
like the farthest thing to me,” she says.

But after 4 years, she was driven out of her
job and into activism. Managers at Mexico’s
National Council of Science and Technol-
ogy (Conacyt)—the country’s federal science
funding agency—pressured her to resign in
March 2018, citing poor evaluations, which
she says are inaccurate. She refused; a few
months later the agency stopped paying her.

Gomez Bonilla’s dismissal is one of hun-
dreds of similar cases involving researchers
employed by the Catedras Conacyt (Conacyt
Professorships) program, launched 7 years
ago to alleviate the brain drain of young
Mexican researchers. Conacyt has stopped
paying researchers, terminated them without
reasonable explanation, or coerced them into
signing resignations, according to multiple
sources who spoke with Science. A combina-
tion of budget cuts, politics, and a widening

1024 4 JUNE 2021 « VOL 372 ISSUE 6546

rift between the government and scientists
is at work, Mexican researchers say. “I think
deep down there is an intention to disappear
the Catedras program,” says a philologist who
was terminated from the program.

She and others, including G6mez Bonilla,
have filed lawsuits against Conacyt. As of
June 2020 the agency faces 145 active law-
suits for wrongful termination amounting
to $8.2 million in damages, according to
an internal document reviewed by Science,
and sources say most are from Catedras re-
searchers. In February, some 200 Catedras
researchers formed a union, hoping to ne-
gotiate a contract that would protect their
jobs and improve working conditions.

Conacyt’s director, Maria Elena Alvarez-
Buylla Roces, denies the agency has unfairly
dismissed employees. “No,” she says. “It’s
not true.” She did not respond to further
requests for comment. Currently the Cat-
edras program does not have a director, but
sources point to Diego Axel Lopez Pelaez,
deputy director of evaluation and monitor-
ing, as the person making the decisions.
Lopez Pelaez did not respond to multiple
requests for comment.

Conacyt launched the Catedras program
in 2014 to make up for the lack of full-time

Biochemical nutritionist Ana Lucrecia Elias Lépez
is one of the researchers Conacyt pushed out.

positions at universities and research insti-
tutes in the country. The goal was to hire
at least 3000 researchers by 2018. Research-
ers were matched with institutions that
provided work space and infrastructure to
do research while Conacyt employed them
and paid their salaries for 10 years. The po-
sitions were coveted as one of the few op-
portunities for a science career in Mexico.

As a result of Catedras, “many Mexican
researchers have chosen to stay and do
science in the country,” and many came
back from abroad to be part of it, says an
archaeologist who was dismissed from the
program. Between 2015 and 2018, 78% of
Catedras researchers earned membership
in Mexico’s prestigious National System of
Researchers, says biomedical nutritionist
Ana Lucrecia Elias Lopez, a former Cate-
dras researcher who is fighting to rejoin the
program after being coerced into resigning.
This “is a sign of productivity,” she says.

Still, the program has struggled. Research-
ers are not on staff at their host institutions,
which creates bureaucratic conflicts that can
hinder their work. Finances have also been a
challenge: Primarily because of insufficient
funding, in 2018 the program was only half-
way to its 3000-researcher goal.

But stresses skyrocketed in Alvarez-Buylla
Roces’s term, which began in December
2018 and has been marked by a significant
rupture between Conacyt and the scientific
community. According to information re-
leased in response to a government trans-
parency request and Conacyt documents, at
least 425 researchers have left the program
since it launched, most beginning in 2019; it
now supports 1284 researchers. Sources say
government austerity measures may play a
role. But in 2020, the program’s budget was
up 23% to $68 million, yet Conacyt hasn’t
offered new openings since 2018 and dis-
missals have soared.

Researchers dismissed by the program
report similar experiences. First, they say,
Conacyt officials tried to coerce them into
resigning with the promise of a severance
payment. If they refused, the agency stopped
paying them. Aeronautical engineer Oliver
Huerta, for example, joined the program
in 2014 and worked for 5 years at the Tech-
nological Institute of Advanced Studies of
Ecatepec. In 2019, he noticed his institutional
email had been blocked just when he needed
to file a required annual report. Huerta con-
tacted Lopez Pelaez, who said they had to
meet in person. At Conacyt headquarters in
Mexico City, Lopez Peldez and a lawyer invited
Huerta to sign his resignation. He refused. A
few weeks later, Conacyt stopped paying him
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and directors at his host institution told him
he had been dropped from the Catedras pro-
gram. He filed a lawsuit in December 2019,
but there hasn’t been much progress. “We're
hanging up in a cloud,” he says.

For some of those removed from the pro-
gram, including the archaeologist, being
pregnant or having a newborn appears to
have been a trigger. There’s a “pattern of an
absolute ignorance on gender issues,” says
Claudia Patricia Juan Pineda, a lawyer rep-
resenting more than 20 former Catedras
researchers. “It seems that getting pregnant
is like a crime.” In the archaeologist’s case, a
few months after she notified officials of her
high-risk pregnancy, she tried to upload her
annual report but the online platform didn’t
work. She immediately contacted Lopez
Peldez, who told her over the phone she was
fired. A few days later, Conacyt stopped pay-
ing her and disabled her institutional email.
“There is a lack of humanity that is com-
pletely impregnated in Conacyt,” she says.

Geologist Maria Jazmin Chéavez Alvarez, a
former Catedras researcher, says when she
was asked to resign in 2018, then-Catedras
Director Lorena Archundia said, “Look, this
way you can stop worrying and then you can
focus on your daughter” “That really both-
ered me,” she says, because she never brought
up her pregnancy and maternity. She refused
to sign the form, and Conacyt stopped paying
her. Archundia did not respond to multiple
requests for comment. Elias Lopez, who was
forced to resign in 2019, filed a complaint
last year with the National Human Rights
Commission accusing Alvarez-Buylla Roces
of wrongfully firing women researchers—
including some with small children or expe-
riencing complicated pregnancies—during
the COVID-19 pandemic. She plans to file a
criminal lawsuit against Conacyt.

Some Catedras researchers hope the new
union, Siintacatedras, can secure greater
research support and job security. “We are
convinced that once we start a dialogue with
Conacyt, we can reach an understanding of
the great potential this program has,” says
Siintacatedras Secretary General Mateo Mier
y Teran Giménez Cacho, a political agroeco-
logist at the College of the Southern Border.

Others are less interested in mending
bridges. That includes Gomez Bonilla, who
now has a full-time position at the Met-
ropolitan Autonomous University. If she
wins her suit against Conacyt, the agency
would owe her close to $265,000—double
the amount of standard Conacyt grants for
basic science projects. “Imagine how much
science they could fund with that,” she says.
“But instead they’re spending it on lawsuits
that could’ve been avoided.”

Inés Gutiérrez Jaber is a journalist in Mexico City.
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NAS ousts member for first
time, for sexual harassment

Academy removes astronomer Geoffrey Marcy

By Jocelyn Kaiser

he U.S. National Academy of Sci-

ences (NAS) last week brought some

closure to a long-running saga by

rescinding the membership of as-

tronomer Geoffrey Marcy because of

sexual harassment. It is the first time
the 158-year-old body has expelled a mem-
ber for any reason.

NAS set the stage for the expulsion in
2019, when it revised its bylaws to allow the
removal of members who have been found
guilty of misconduct, including sexual harass-
ment, by their employers, journals or fund-
ing agencies. No one formally sought such
action for sexual harassment transgressions
until September 2020, when Frangois-Xavier
Coudert, a computational chemist with
CNRS, France’s national science agency, filed
complaints with NAS against Marcy and
three other academy members.
After a vote that an NAS spokes-
person said met the required
two-thirds majority, the acad-
emy’s 17-member council revoked
Marcy’s membership on 24 May
for violating its harassment policy.

“I don’t know if there is any jus-
tice here for the women Marcy ha-
rassed ... but at least the academy
is holding him accountable for the
damage he did,” says Seyda Ipek, a theoretical
particle physicist at the University of Califor-
nia (UC), Irvine, who filed her own complaint
last fall with NAS against Marcy and evolu-
tionary biologist Francisco Ayala, who was
also named in Coudert’s complaint.

Marcy, who studies extrasolar planets,
was forced out of UC Berkeley in 2015 af-
ter BuzzFeed reported that a university in-
vestigation had found him guilty of sexual
harassment, including kissing and groping
students. After his NAS expulsion, Marcy
repeated earlier denials of sexual harass-
ment. “My engaging and empathic style
could surely be misinterpreted, which is my
fault for poor communication,” he wrote to
Science. “I would never intentionally hurt
anyone nor cause distress.”

Ayala, a second target of Coudert’s com-
plaint, resigned from UC Irvine in 2018
after a university investigation found him
guilty of sexual harassment, including mak-

“They are
allowing
bad actors
to remain.”

Francois-Xavier
Coudert, CNRS

ing suggestive comments and inviting a ju-
nior professor to sit on his lap. Ayala has
“absolutely” denied the allegations. NAS
told Coudert in November 2020 it was adju-
dicating Ayala’s case. But its spokesperson
said last week the academy does not “have
information on [that or] other cases.”

Coudert’s complaint also included cancer
biologist Inder Verma, formerly at the Salk
Institute for Biological Studies. In 2018,
Science published accounts from eight
women alleging sexual harassment stretch-
ing over decades (Science, 4 May 2018,
p. 480). Salk investigated but did not release
its findings; Verma denied the allegations.
NAS told Coudert it could not take action
on the basis of media reports alone.

The fourth scientist Coudert named is in-
formation theorist Sergio Verdd, who was
dismissed by Princeton University after two
investigations found he had sexually ha-
rassed a graduate student and vio-
lated a prohibition on consensual
relationships with students. (Verda
has denied both allegations.) NAS
told Coudert in November 2020 it
was holding off on any action until
a lawsuit Verdd has filed against
Princeton is resolved.

Ipek hopes future NAS cases
will be reviewed more quickly, but
“given how long Ayala’s case is
taking ... I am not sure if we can hold our
breath.” Coudert is also frustrated, arguing
that the academy’s policy requiring public
findings is ineffective. Marcy’s expulsion is “a
positive step, but a baby step,” Coudert says.
“They are allowing bad actors to remain
members of the academy.”

Marcy, now with Space Laser Awareness,
a California nonprofit, continues to publish
scientific papers and preprints. Some still
include a UC Berkeley affiliation; Marcy re-
signed in 2015, but university policy allows
him to claim emeritus status.

A co-author of one paper, graduate stu-
dent Lee Rosenthal of the California In-
stitute of Technology, tweeted that future
papers will recognize any data contribu-
tions from Marcy in acknowledgements, not
by giving him authorship. “I am so sorry,
and heartbroken, that inclusion of Geoff
Marcy on this paper has harmed folks that
have been sexually harassed,” he wrote.
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Eden Figueroa is trying to
coax delicate quantum
information out of the lab and
into the connected world.
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THE INTERNET GOES

A global network that would use quantum “entanglement

”»

QUANTUM

to weave intimate ties between far-flung users is beginning to take shape

beam of ethereal blue laser light
enters a specialized crystal. There
it turns red, a sign that each pho-
ton has split into a pair with lower
energies—and a mysterious con-
nection. The particles are now
quantum mechanically “entan-
gled,” linked like identical twins
who know each other’s thoughts
despite living in distant cities. The photons
zip through a tangle of fibers, then ever so
gently deposit the information they encode
into waiting clouds of atoms.
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By Gabriel Popkin

The transmogrifications are “a little bit
like magic,” exults Eden Figueroa, a physicist
at Stony Brook University. He and colleagues
have concocted the setup on a few laboratory
benches cluttered with lenses and mirrors.
But they have a much bigger canvas in mind.

By year’s end, drivers in the largest U.S.
metro areas—including, largely thanks to
Figueroa, the suburbs of New York City—
may unwittingly rumble over the tenuous
strands of a new and potentially revolution-

ary network: a “quantum internet” stitched
together by entangled photons like those in
Figueroa’s lab.

Billions of dollars have poured into re-
search on quantum computers and sensors,
but many experts say the devices will flour-
ish only when they are yoked to each other
over long distances. The vision parallels
the way the web vaulted the personal com-
puter from a glorified typewriter and game
console to an indispensable telecommuni-
cations portal. Through entanglement, a
strange quantum mechanical property once

sciencemag.org SCIENCE

PHOTO: JOHN PARASKEVAS/NEWSDAY/PARS INTERNATIONAL




NEWS

derided by Albert Einstein as a “spooky
distant effect,” researchers aim to create
intimate, instantaneous links across long
distances. A quantum internet could weld
telescopes into arrays with ultrahigh reso-
lution, precisely synchronize clocks, yield
hypersecure communication networks for
finance and elections, and make it possible
to do quantum computing from anywhere.
It could also lead to applications nobody’s
yet dreamed of.

Putting these fragile links into the warm,
buzzing world will not be easy, how-
ever. Most strands that exist today can
send entangled photons to receivers
just tens of kilometers apart. And the
quantum links are fleeting, destroyed
as the photons are received and mea-
sured. Researchers dream of sustain-
ing entanglement indefinitely, using streams
of photons to weave lasting quantum con-
nections across the globe.

For that, they will need the quantum equiv-
alent of optical repeaters, the components of
today’s telecommunications networks that
keep light signals strong across thousands
of kilometers of optical fiber. Several teams
have already demonstrated key elements of
quantum repeaters and say theyre well on
their way to building extended networks.
“We've solved all the scientific problems,” says
Mikhail Lukin, a physicist at Harvard Uni-
versity. “I'm extremely optimistic that on the
scale of 5 to 10 years ... we'll have continental-
scale network prototypes.”

ON THE NIGHT of 29 October 1969, 2 months
after Woodstock and as the Vietnam War
raged, Charley Kline, a student at the Uni-
versity of California, Los Angeles, fired off a
message to a computer just over 500 Kilo-
meters away at the Stanford Research In-
stitute in Menlo Park, California. It was the
launch of the Advanced Research Projects
Agency Network (ARPANET). From that
precarious two-node beginning—Kline’s
intended message was “login” but only
“lo” made it through before the system
crashed—the internet has swelled into to-
day’s globe-encompassing network. About
2 decades ago, physicists began to won-
der whether the same infrastructure could
shuttle around something more exotic:
quantum information.

It was a heady time: A mathematician
named Peter Shor had, in 1994, devised a
quantum code that could break a leading
encryption algorithm, something classical
computers could not do. Shor’s algorithm
suggested quantum computers, which exploit
the ability of very small or cold objects to si-
multaneously exist in multiple, “superposed”
states, might have a killer application—crack-
ing codes—and ignited a decadeslong effort
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to build them. Some researchers wondered
whether a quantum internet might vastly en-
hance the power of those machines.

But building a quantum computer was
daunting enough. Like entanglement, the
superposed states essential to its power
are fragile, collapsing when measured or
otherwise perturbed by the outside world.
As the field focused on general-purpose
quantum computers, thoughts about link-
ing those computers were mostly banished
to a distant future. The quantum internet,

“On the scale of 5 to 10 years ... we'll have
continental-scale network prototypes.”

Mikhail Lukin, Harvard University

Figueroa quips, became “like the hipster
version” of quantum computers.

More recently, with quantum computing
starting to become a reality, quantum net-
working has begun to muscle its way back
into the spotlight. To do something useful,
a quantum computer will require hundreds
of quantum bits, or qubits—still well beyond
today’s numbers. But quantum networks can
prove their worth as soon as a few distant
nodes are reliably entangled. “We don’t need
many qubits in order to do something in-
teresting,” says Stephanie Wehner, research
lead for the quantum internet division at
Delft University of Technology (TU Delft).

The first networks capable of transmitting
individual entangled photons have begun to
take shape. A 2017 report from China was one
of the most spectacular: A quantum satellite
named Micius sent entangled particle pairs
to ground stations 1200 Kkilometers apart
(Science, 16 June 2017, p. 1110). The achieve-
ment set off alarms in Washington, D.C., that
eventually led to the passage of the 2018 Na-
tional Quantum Initiative Act, signed into
law by then-President Donald Trump and in-
tended to spur U.S. quantum technology. The
Department of Energy (DOE), which has led
efforts to envision a U.S. quantum internet,
added to the momentum in April, announc-
ing $25 million for R&D on a quantum inter-
net to link up national labs and universities.
“Let’s get our science facilities connected,
show that this works, and provide a frame-
work for the rest of the country to hop on
and scale it up,” says Chris Fall, who until re-
cently led the DOE Office of Science.

The Chinese group, led by Jian-Wei Pan,
a physicist at the University of Science
and Technology of China, has continued to
develop its network. According to a Janu-
ary Nature paper, it now spans more than
4600 Kkilometers, using fibers and non-
quantum relays. Shorter quantum links
have been demonstrated in other countries.

Industry and government are starting to
use those first links for secure communica-
tion through a method called quantum key
distribution, often abbreviated QKD. QKD
enables two parties to share a secret key by
making simultaneous measurements on pairs
of entangled photons. The quantum con-
nection keeps the key safe from tampering
or eavesdropping, because any intervening
measurement would destroy the entangle-
ment; information encrypted with the key
then travels through ordinary channels. QKD
is used to secure some Swiss elections,
and banks have tested it. But many ex-
perts question its importance, because
simpler encryption techniques are also
impervious to known attacks, including
Shor’s algorithm. Moreover, QKD does
not guarantee security at sending and
receiving nodes, which remain vulnerable.

A full-fledged quantum network aims
higher. It wouldn’t just transmit entangled
particles; it “distributes entanglement as a
resource,” says Neil Zimmerman, a physi-
cist at the National Institute of Standards
and Technology, enabling devices to be
entangled for long periods, sharing and
exploiting quantum information (Science,
19 October 2018, 10.1126/science.aam9288).

Science might be the first to benefit. One
possible use is very long baseline interferom-
etry. The method has already linked radio
telescopes around the globe, effectively cre-
ating a single, giant dish powerful enough to
image a black hole at the center of a distant
galaxy. Combining light from far-flung opti-
cal telescopes is far more challenging. But
physicists have proposed schemes to capture
light gathered by the telescopes in quantum
memories and use entangled photons to ex-
tract and merge its phase information, the
key to ultrahigh resolution. Entangling dis-
tributed quantum sensors could also lead to
more sensitive detector networks for dark
matter and gravitational waves.

More practical applications include ultra-
secure elections and hack-proof communica-
tion in which the information itself—and not
just a secret key for decoding it, as in QKD—
is shared between entangled nodes. Entan-
glement could synchronize atomic clocks
and prevent the delays and errors that accu-
mulate as information is sent between them.
And it could offer a way to link up quantum
computers, increasing their power. Quantum
computers of the near future will likely be
limited to a few hundred qubits each, but
if entangled together, they may be able to
tackle more sophisticated computations.

Taking this idea further, some also envi-
sion an analog of cloud computing: so-called
blind quantum computing. The thinking is
that the most powerful quantum computers
will one day be located at national labora-
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Making connections

A quantum internet would be woven together by photons that are entangled, meaning they share a quantum
state. But quantum repeaters would be needed to relay the fragile photons between far flung users.

A quantum repeater
1 Generating photon pairs

One popular protocol begins by creating pairs of entangled photons and sending one member of each pair toward
measurement devices while the others fly toward end users, conventionally called Alice and Bob.

Q Measurement
devices
N \ : Quantum: :
Alice Entanglement memory Bob
Entangled
photon pair
N N
Photon source '
2 Long-range link
The photons are captured in quantum memories that store their quantum states. Processors correct
and prepare the states while preserving the entanglements. A specialized measurement on the middle
two quantum memories then “swaps” the entanglement to link Alice and Bob.
Q Entanglement
swapping
Alice Bob

i

Versatile network

Aquantum internet could establish intimate and secure connections among widely separated
users and facilities. It could allow powerful quantum computers to run complicated
algorithms for remote users while protecting sensitive information, or merge

i

telescopes and other instruments into ultra—high-resolution networks.

Quantum satellites RePeaE (@
Satellite could support .
intercontinental ®
entanglement. §§‘/’
Tel Quantum M
glescope computer NNA

Quantum

computer f

tories, universities, and companies, much
as supercomputers are today. Designers of
drugs and materials or stock traders might
want to run quantum algorithms from
distant locations without divulging their
programs’ contents. In theory, users could
encode the problem on a local device that’s
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entangled with a remote quantum com-
puter—exploiting the distant computer’s
power while leaving it blind to the problem
being solved.

“As a physicist, I think [blind quantum
computing] is very beautiful,” says Tracy
Northup of the University of Innsbruck.

RESEARCHERS HAVE TAKEN early steps toward
fully entangled networks. In 2015, Wehner
and colleagues entangled photons with elec-
tron spins in nitrogen atoms, encased within
two tiny diamonds 1.3 Kkilometers apart on
the TU Delft campus. The photons were then
sent to an intermediate station, where they
interacted with each other to entangle the
diamond nodes. The experiment set a record
for the distance of “heralded” entanglement—
meaning researchers could confirm and
use it—and the link lasted for up to sev-
eral microseconds.

More expansive networks, however, will
likely require quantum repeaters to copy,
correct, amplify, and rebroadcast virtually
every signal. And although repeaters are a
relatively straightforward technology for the
classical internet, a quantum repeater has
to elude the “no-cloning” theorem—which
holds, essentially, that a quantum state can-
not be copied.

One popular repeater design starts with
two identical, entangled photon pairs at
separate sources. One photon from each pair
flies toward distant end points, which could
be quantum computers, sensors, or other
repeaters. Let’s call them Alice and Bob, as
quantum physicists are wont to do.

The other halves of each pair zip inward,
toward the heart of the repeater. That device
must trap the photon that arrives first, coax
its information into a quantum memory—
perhaps a diamond or atom cloud—correct
any errors that have accumulated in transit,
and coddle it until the other photon arrives.
The repeater then needs to mate the two in
a way that entangles their far-flung twins.
This process, known as entanglement swap-
ping, creates a link between the distant end
points, Alice and Bob. Additional repeaters
could daisy-chain Alice to a Carol and Bob to
a Dave, ultimately spanning big distances.

Figueroa traces his drive to build such
a device to his 2008 Ph.D. thesis defense at
the University of Calgary. After the young
Mexican-born physicist described how he
entangled atoms with light, a theorist asked
what he was going to do with the setup. “At
the time—shame on me—I didn’t have an an-
swer. To me, it was a toy I could play with,”
Figueroa recalls. “He told me: ‘A quantum
repeater is what you're going to do with it”

Inspired, Figueroa pursued the system at
the Max Planck Institute of Quantum Optics
before landing at Stony Brook. He decided
early on that commercial quantum repeat-
ers should operate at room temperature—a
break from most quantum lab experiments,
which are conducted at very cold tempera-
tures to minimize thermal vibrations that
could upset fragile quantum states.

Figueroa is counting on rubidium vapor for
one component of a repeater, the quantum
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memory. Atoms of rubidium, a heavy cousin
of the more familiar lithium and sodium, are
appealing because their internal quantum
states can be set and controlled by light. In
Figueroa’s lab, entangled photons from the
frequency-splitting crystal enter plastic cells
containing 1 trillion or so rubidium atoms
each. There, each photon’s information is en-
coded as a superposition among the atoms,
where it lasts for a fraction of a millisecond—
pretty good for a quantum experiment.

Figueroa is still developing the second
stage of the repeater: using computer-
controlled bursts of laser light to correct er-
rors and sustain the clouds’ quantum states.
Additional laser pulses will then send pho-
tons carrying entanglement from the
memories to measurement devices to
entangle the end users.

Lukin builds quantum repeaters
using a different medium: silicon at-
oms encased in diamonds. Incoming
photons can tweak the quantum spin
of a silicon electron, creating a poten-
tially stable memory; in a 2020 Nature
paper, his team reported catching and
storing quantum states for more than
one-fifth of a second, far longer than
in the rubidium memory. Although the
diamonds must be chilled to within a
fraction of a degree above absolute
zero, Lukin says the fridges needed are
fast becoming compact and efficient.
“Right now it’s the least of my worries.”

At TU Delft, Wehner and her col-
leagues are pushing the diamond
approach as well, but with nitrogen
atoms instead of silicon. Last month in
Science, the team reported entangling
three diamonds in the lab, creating a minia-
ture quantum network. First, the researchers
used photons to entangle two different dia-
monds, Alice and Bob. At Bob, the entangle-
ment was transferred from nitrogen to a spin
in a carbon nucleus: a long-lived quantum
memory. The entanglement process was then
repeated between Bob’s nitrogen atom and
one in a third diamond, Charlie. A joint mea-
surement on Bob’s nitrogen atom and carbon
nucleus then transferred the entanglement to
the third leg, Alice to Charlie.

Although the distances were much shorter
and the efficiency lower than real-world
quantum networks will require, the con-
trollable swapping of entanglement demon-
strated “the working principle of a quantum
repeater,” says TU Delft physicist Ronald
Hanson, who led the experiment. It is “some-
thing that has never been done.”

Pan’s team has also demonstrated a par-
tial repeater, with atom clouds serving as the
quantum memories. But in a study published
in 2019 in Nature Photonics, his team demon-
strated an early prototype of a radically dif-
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ferent scheme: sending such large numbers
of entangled photons through parallel fibers
that at least one might survive the journey.
Although potentially avoiding the need for
repeaters, the network would require the
ability to entangle at least several hundred
photons, Pan says; his current record is 12.
Using satellites to generate entanglement,
another technology Pan is developing, could
also reduce the need for repeaters because
photons can survive much longer journeys
through space than through fibers.

A true quantum repeater, most experts
agree, remains years away, and may ulti-
mately use technologies common in today’s
quantum computers, such as superconduc-

Impurity atoms in minuscule diamonds like the one at the heart of
this chip can store and relay quantum information.

tors or trapped ions, rather than diamonds or
atom clouds. Such a device will need to cap-
ture nearly every photon that hits it and will
probably require quantum computers of at
least a few hundred qubits to correct and pro-
cess signals. In a yin-yang sort of way, better
quantum computers could boost the quan-
tum internet—which in turn could super-
charge quantum computing.

While physicists labor to perfect repeat-
ers, they are racing to link sites within sin-
gle metropolitan areas, for which repeaters
are not needed. In a study posted to arXivin
February, Figueroa sent photons from two
atom-cloud memories in his lab through
79 kilometers of commercial fibers to
Brookhaven National Laboratory, where
the photons were merged—a step toward
end-to-end entanglement of the type dem-
onstrated by the TU Delft group. By next
year, he plans to deploy two of his quan-
tum memories—compacted to the size of
a minirefrigerator—midway between his
university and the New York City office
of his startup company, Qunnect, to see if

they boost the odds of photons surviving
the journey.

Embryonic quantum networks are also
being built in the Boston, Los Angeles, and
Washington, D.C., regions, and two networks
will link Argonne National Laboratory and
Fermi National Accelerator Laboratory in II-
linois to several Chicago-area universities. TU
Delft researchers hope to soon extend their
record-long entanglement to a commercial
telecommunications facility in The Hague,
Netherlands, and other fledgling networks
are growing in Europe and Asia.

The ultimate goal is to use repeaters to link
these small networks into an intercontinental
internet. But first, researchers face more
mundane challenges, including build-
ing better photon sources and de-
tectors, minimizing losses at fiber
connections, and efficiently converting
photons between the native frequency
of a particular quantum system—say,
an atom cloud or diamond—and the
infrared wavelengths that telecom fi-
bers conduct. “Those real-world prob-
lems,” Zimmerman says, “may actually
be bigger than fiber attenuation.”

Some doubt the technology will
live up to the hype. Entanglement “is
a very odd, very special kind of prop-
erty,” says Kurt Jacobs, a physicist at
the Army Research Laboratory. “It
doesn’t necessarily lend itself to all
kinds of applications.” For clock syn-
chronization, for example, the ad-
vantage over classical methods scales
only as the square root of the number
of entangled devices. A threefold gain
requires linking nine clocks—which
may be more trouble than it’s worth. “It’s al-
ways going to be harder to have a functional
quantum network than a classical one,” Ja-
cobs says.

To such doubts, David Awschalom, a
physicist at the University of Chicago who is
spearheading one of the Midwest networks,
counters, “We’re at the transistor level of
quantum technology.” It took a few years
after the transistor was invented in 1947 be-
fore companies found uses for it in radios,
hearing aids, and other devices. Transistors
are now etched by the billions into chips in
every new computer, smartphone, and car.

Future generations may look back on this
moment the way we look nostalgically at
ARPANET, a pure infant version of the in-
ternet, its vast potential yet to be recognized
and commercialized. “You can be sure that
we haven’t yet thought of some of the most
important things this technology will do,”
Awschalom says. “It would take extraordi-
nary arrogance to believe you've done that.”

Gabriel Popkin is a journalist in Mount Rainier, Maryland.
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SUMMER BOOKS

Summer reading 2021

A journalist probes the tech companies racing to entice consumers—and
investors—with futuristic foods. An outsider documents his ascent in
academia. A policy expert proposes a human-centered approach to solving
society’s problems. From an ode to azure to a deep dive into data, this
year’s summer reading picks—reviewed by alumni of the AAAS Mass Media
Science & Engineering Fellows program—offer readers fresh perspectives
on timely scientific topics. Confront the biases that have long imperiled
women’s health, probe the mysteries of memory, celebrate a prescient
economist, and more, with the books reviewed below. —Valerie Thompson

Solving Public
Problems

Reviewed by Ming Ivory!

Governance professor Beth Simone
Noveck, who formerly served as the first
White House deputy chief technology of-
ficer, believes that “public entrepreneur-
1030
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ship” can counter the failures that have
dominated public policy design in the
United States since the 1960s. Her new
book, Solving Public Problems, revisits the
four stages of policy design—identifying
problems, identifying solutions, designing
for implementation, and evaluation and
evolution—while identifying 20 crucial
decisions that prioritize “human-centered
public policies.”

Experts often expend much effort on pro-
gram design, but once these programs are
created, there is usually little fine-tuning
of the implementation and hardly any em-
phasis on measuring whether the desired
outcomes are achieved. The US federal civil
service, for example, first celebrated as a
defense of the “public interest” for its struc-
tural insulation from shortsighted patron-
age and political corruption, has recently
come to be viewed by some as a nonelected
“deep state” that frustrates legitimate par-
tisan power and private-sector freedom.
Noveck fearlessly defends the existence of
“public interests,” arguing that their com-
plexity and ethical significance are distinct
from academic theory, electoral politics,
and private-sector capitalism.

Noveck describes governance ideas that
expand public policy designs in a variety of
sectors, such as health care, transportation,
housing, employment, justice, information,
and education. She emphasizes participa-
tory elements of the process that ensure
that the communities most in need and
those who will be most directly affected by
proposed policies are consulted throughout
the process, and she encourages training
in quantitative and qualitative scientific
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techniques, such as data analysis, research
design, artificial intelligence, survey con-

struction, interviewing, crowdsourcing,
budgeting, and program evaluation. She
discusses what can be learned from admin-
istrative records and from the temporary
suspension of regulations that encourage
private-sector experimentation.

Each chapter ends with exercises that,
if conscientiously followed, could launch a
community and its institutional partners on
the path to practical policies that combat
problems such as unemployment, informa-
tion deficits, and housing discrimination.
These exercises include checklists of tasks
that must be accomplished to achieve the
desired outcome, and they direct readers to
an index full of organizations that could be
sources of assistance.

If there is a weakness to the guide, it is
that there are an almost overwhelming
number of examples, replete with manage-
ment jargon, that must be waded through
without a lot of information on their rela-
tive quality. A list synthesizing what Noveck
considers the best of these programs—or-
ganized either by agency type or by the
skill set supported—would have been use-
ful. Overall, however, the book offers a
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wealth of information necessary to improve
human-centered design in public policies.

Solving Public Problems: A Practical Guide
to Fix Our Government and Change Our World,
Beth Simone Noveck, Yale University Press, 2021, 448 pp.

Technically Food

Reviewed by Anna Funk?

The latest food tech to hit the mainstream
may be plant-based burgers, but count-
less start-ups and research labs are gear-
ing up to transform the way humans think
about what we eat—or at least, so they
hope. From giant tanks of protein-rich al-
gae to petri dishes culturing animal cells,
researchers are seeking ways to give con-
sumers—and investors—products that will
improve food’s sustainability, healthiness,
or preferably both (bonus points if they are
accompanied by new, patentable technolo-
gies that will keep the cash coming).

Some groups are trying to turn plants
into meat, while others are trying to turn
meat into more meat without killing more
animals. Others still are trying to revolu-

tionize parts of the production process,
building  artificial intelligence-laden
greenhouses in cities, for example, or sal-
vaging food waste and turning it into more
food. In Technically Food, journalist Lar-
issa Zimberoff explores eight of the latest
tech trends in the food sector, giving read-
ers an inside look at the progress that has
been made in each, a thoughtful look at
current shortcomings, and, whenever pos-
sible, a taste test.

Zimberoff walks readers through the lat-
est breakthroughs from groups working
to turn algae, fungi, or peas into protein
sources; the worlds of upcycling and ver-
tical farming; laboratories culturing cell-
based meat; and more-mainstream staples
such as nondairy milks, nonchicken eggs,
and plant-based burgers. The book wraps
up with a surprisingly delightful medley of
commentary from 19 experts on what they
think will be on our plates in 20 years. (My
personal favorite was from author and ani-
mal rights activist Paul Shapiro, who asks:
What if local establishments could brew
their own meat on-site like they would a
craft IPA?)

Unfortunately, interspersed throughout
Zimberoff’s otherwise detailed reporting
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Technology-laden vertical farms, like this one in Sharjah, United Arab Emirates, are one of many ways tech companies hope to disrupt global food systems.

were more than a few technical flubs—
mostly harmless in nature but certainly
distracting to a careful reader. She men-
tions, for example, that ocean acidifica-
tion occurs when pH levels rise (it is the
opposite), references COVID-19 when she
means SARS-CoV-2, and refers to yeast as
bacteria. I also could have done without
the occasional implication that science is
boring or hard to understand (“Have your
eyes glazed over yet?”) and her take on
Expo West, a huge natural products show,
where she tasted and spat out the free food
samples. (The displays, she writes, were
“enough to torture anyone’s waistline.”)

Still, the reporting behind this book is
masterful. I was constantly pulled along
by ideas about the food system that I had
never considered, from secondary plant
compounds that might be beneficial to hu-
man health—and are only produced if you
lay off the pesticides and let a plant get
nibbled a little—to what the median age
of the United States’s traditional farmers
(57.5 years in 2017) portends about the fu-
ture of farming.

Even the title proved to be a wink I did
not expect—not just “technically” as in
technical, technological, but also “techni-
cally” as in “well, technically, it’s food.” The
overarching question of whether high-tech
food is actually an improvement or not is
not answered by Zimberoff, but she leaves
readers with plenty of food for thought.

Technically Food: Inside Silicon Valley’s Mission to
Change What We Eat, Larissa Zimberoff, Abrams Press,
2021, 240 pp.
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Unwell Women

Reviewed by Stephani Sutherland?®

“The history of mankind is a history of re-
peated injuries and usurpations on the part
of man toward woman,” declared abolition-
ist and suffragist Elizabeth Cady Stanton in
1848 at a convention to address inequities
faced by women. Although the sentiment
may sound radical to some, cultural histo-
rian Elinor Cleghorn’s new book suggests
that Stanton’s argument is not far off track.
In Unwell Women, Cleghorn provides an
extensive history of how feminine anatomy,
physiology, and psychology have been stud-
ied and manipulated—mainly by men—and
how they have often been used to oppress
the female sex.

The book is populated by meticulously re-
searched and quoted historical figures—some
famous, others simply captured in quotidian
documentation. The cast of characters in-
cludes girls and women who suffered at the
hands of men, as well as men who shaped
history for pioneering medical techniques
and theories under the frequently false guise
of protecting, curing, and acting in women’s
best interests. Also present are the women
who have been driving forces for change,
pushing for the right to hold authority over
one’s own body and life.

Unwell Women details a history in which
women were tortured, burned, and hanged
for “witchcraft”; enslaved for the purpose
of gynecological experimentation; and clito-
ridectomized for the crime of masturbation.
During Victorian times, we learn, women of

certain social status were often prescribed
a forced “rest cure” for hysteria, which en-
tailed utter isolation and inactivity (with
the exception of tooth cleaning) and a diet
of four quarts of milk per day and raw beef
soup. More recently, suffragists were physi-
cally assaulted, imprisoned, and force-fed,
and many women have been sterilized on the
grounds of “feeblemindedness” and “social
inadequacy;” often with racial undercurrents.

Despite the tremendous recent gains made
in the rights of women—to vote, to work,
to be educated, to control various facets of
one’s own life—still, the inequities are mas-
sive. Nowhere is that gap more evident and
more harshly felt than in the medical realm,
where, to this day, women are disbelieved,
dismissed, and gaslighted by medical profes-
sionals, particularly when their conditions
prove difficult to diagnose. One glaring exam-
ple is the mysterious condition called myalgic
encephalomyelitis/chronic fatigue syndrome
(ME/CFS). When ME/CFS was “discovered”
in the 1980s, it was largely dismissed as a psy-
chosomatic illness in wealthy white women
who were perhaps “bored” with their lives—a
sentiment not far from those used to explain
“hysteria” in years past. Another recent ex-
ample is the alleged hysterectomies being
performed without consent on women at a
US Immigration and Customs Enforcement
facility in 2020 in Georgia.

Cleghorn brings her message home in
the final chapter, aptly titled “Believe us.”
She points out that the only path to change
is for the medical profession to reckon with
how it has used medicalization to control
women for centuries and indeed still does.
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Although Unwell Women may not become re-
quired reading for medical professionals and
students, Cleghorn’s final message should be
heard loud and clear: Believe women.

Unwell Women: Misdiagnosis and Myth in a Man-Made
World, Elinor Cleghorn, Dutton, 2021, 400 pp.

The Uncommon
Knowledge of Elinor
Ostrom

Reviewed by Tamar L. Goulet*

COVID-19 vaccines are a limited resource.
Will some countries hoard them, exhib-
iting the selfish behavior that ecologist
Garrett Hardin anticipated in his 1968
essay “The tragedy of the commons”
(I), or will they share their extra doses
with others who need them? The an-
swer is currently unfolding, but promis-
ing signs suggest the latter, confirming
predictions articulated by economist
Elinor “Lin” Ostrom in her landmark 1990
book, Governing the Commons (2).
Ostrom, who is profiled in Erik Nord-
man’s new book, The Uncommon Knowl-
edge of Elinor Ostrom, was the first woman
to win the Nobel Prize in Economics, se-
curing the award in 2009 for her work on
governing the commons and, according to
Nordman, for her integration of theoreti-
cal foundations with fieldwork, anchoring
economic concepts in real-world research.
At first, the book’s chapters do not
seem to be connected. Studies about vol-
unteerism are sandwiched between chap-

ters on global climate change and space,
and Ostrom’s “eight design principles for
managing a commons” appear for the first
time in chapter four. Several pages into
each chapter, however, Nordman presents
the links that tie these themes together:
Although resource use is key to Ostrom’s
principles, resources are not really the foci.
Rather, managing “any common-pool re-
source,” as Nordman states, “is really about
managing people.”

Ostrom studied a myriad of “commons,”
including one that is currently in the so-
cietal spotlight: the organization and ef-
ficiency of police departments, which are
often run through a centralized bureau-
cracy. Communities with smaller-sized
local police departments tend to exert
control by engaging in more formal and
informal communication with the police,
she and her colleagues found, thereby
building trust between the two entities.
Police forces in larger cities that employ a
mixture of centralized and decentralized
components may ultimately have better
outcomes, they concluded. As Nordman
summarizes, “Public safety is a service that
is coproduced by police departments and
citizens.” Ostrom’s observations from the
1970s are worth revisiting half a century
later as the United States questions police
structure and the role of communities.

The work of managing commons re-
veals much about the complexities of life,
illustrating what happens when these en-
tities fail to fit into neat bins, when con-
sequences are not binary, when outcomes
seemingly defy logic, and when intercon-
nectedness is key and collaboration is nec-
essary and a strength. As Nordman asserts,
“Ostrom left us with the tools to address

Managing shared resources effectively is a matter of managing people effectively, argued Elinor Ostrom.
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these global challenges, but the work is up
to us.”

REFERENCES AND NOTES
1. G.Hardin, Science 162,1243 (1968).
2. E.Ostrom, Governing the Commons: The Evolution of
Institutions for Collective Action (Cambridge Univ. Press,
1990).

The Uncommon Knowledge of Elinor Ostrom:
Essential Lessons for Collective Action,
Erik Nordman, Island Press, 2021, 256 pp.

The Ascent
of Information

Reviewed by Max Kozlov®

Every cat GIF shared on social media,
credit card swiped, video watched on a
streaming platform, and website visited
add more data to the mind-bending 2.5
quintillion bytes of information that hu-
mans produce every single day. All of that
information has a cost: Data centers alone
consume about 47 billion watts, equivalent
to the resting metabolism of more than a
tenth of all the humans on the planet.

In The Ascent of Information: Books,
Bits, Genes, Machines, and Life’s Unend-
ing Algorithm, astrobiologist Caleb Scharf
probes this deluge of data, which he terms
the “dataome,” to examine how it is chang-
ing us just as quickly as we are changing
it. Masterfully weaving together anecdotes
and thought experiments from neurosci-
ence, evolutionary biology, theoretical
physics, astrobiology, and information the-
ory, Scharf investigates how our relation-
ship with the dataome has fundamentally
altered our lives and how it will continue
to do so.

Scharf begins by invoking William
Shakespeare, whose legacy permeates the
public consciousness more than four cen-
turies after his death, to show just how
powerful the dataome can be. On the ba-
sis of the average physical weight of one of
his plays, “it is possible that altogether the
simple act of human arms raising and low-
ering copies of Shakespeare’s writings has
expended over 4 trillion joules of energy,”
he writes. These calculations do not even
account for the energy expended as the
neurons in our brains fire to make sense of
the Bard’s language.

Zooming out as the book progresses,
Scharf weaves in his own area of exper-
tise—exoplanets—to dissect the argu-
ment of whether life exists beyond the
confines of our planet. As a result of the
same thermodynamic imperatives that
gave rise to living systems on this planet,
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other dataomes, he maintains, are all but
an inevitability.

The dataome has been around since long
before us, and it will persist long after we are
gone, Scharf writes, tracing the flow of infor-
mation and energy back to the birth of the
Universe. He compares the rise of informa-
tion to the rise of oxygen on Earth; both, he
argues, involve the reconfiguration of matter
and energy flow in very specific ways.

Unlike atmospheric oxygen, however,
humans have contributed to growing the
dataome at unparalleled rates. Some estimate
that by 2040, the world’s computer chips will
demand more electricity than is expected
to be produced globally. Scharf ends with a
sharply worded warning: All of these data
represent a vastly different reality than any-
thing biology has equipped us to deal with.

How then, he asks, can we simultaneously
preserve and support both our dataome and
our planet? We must treat information as a
natural resource, Scharf argues, one that can-
not be extracted, refined, or used without cost
or repercussions. “Information really isn’t
‘free; nor has it ever been so,” he concludes.

The Ascent of Information: Books, Bits, Genes,
Machines, and Life’s Unending Algorithm,
Caleb Scharf, Riverhead Books, 2021, 352 pp.

A Quantum Life

Reviewed by Elizabeth Gamillo®

A Quantum Life: My Unlikely Journey from
the Street to the Stars is the autobiography
of astrophysicist and science communicator
Hakeem Oluseyi, told as a journey from the
author’s challenging youth to the beginning
of his career as a scientist. The book is split
into four sections, each documenting pivotal
parts of his life, including vivid accounts of
his early childhood in an unstable home and
his struggles with racism and classism as a
Black doctoral student at Stanford Univer-
sity. Oluseyi, born James Plummer Jr., draws
readers in with his candid and personable
writing style. As I read, it felt as if he was sit-
ting in front of me telling me his life story.
Oluseyi sought refuge in books early on
in his life and recounts the transforma-
tive moment he learned about Albert Ein-
stein and his theory of relativity as a child.
“[R]ight away I felt connected to Einstein,”
he writes. “I could tell from his photo with
that wild hair that he was weird, like me.”

As the chapters progress, Oluseyi de-
scribes his difficult journey to find accep-
tance; he is too academically inclined for
most of his peers but has trouble fitting in
easily in academia. As a graduate student,
he is pressured to leave Stanford University
after failing his qualifying exam and resents
the “privileged snobs” who make up most of
the student body, with whom he finds little
common ground.

Oluseyi’s supervisor, solar physicist Art
Walker—the only Black faculty member in
the physics department—plays a critical role
in helping Oluseyi find his footing, high-
lighting the critical role of scientific men-
torship. “Congratulations, Doctor,” Walker
tells his young mentee in the book’s closing

Astrophysicist Hakeem Oluseyi’s candid reflections
offer inspiration to aspiring scientists.

pages, acknowledging Oluseyi’s successful
dissertation defense. “Art’s handshake, and
the hug that followed, was all the affirma-
tion I could ask for,” writes Oluseyi.

In the book’s epilogue, Oluseyi describes
his efforts to inspire the next generation
of research physicists and details the im-
portance of having culturally relevant role
models. Here, he reflects on his experience
tutoring Black and Latino high school stu-
dents in the US and the mentoring program
he created for Black astronomy students in
South Africa, revealing how he uses his own
struggles to relate to and motivate them.

I found Oluseyi’s perseverance inspiring.

His story serves as a reminder that barri-
ers are meant to be broken and that there
is no one right way to be a scientist. We
need more such stories if we truly wish
to increase diversity within the scientific
enterprise.

A Quantum Life: My Unlikely Journey from the
Street to the Stars, Hakeem Oluseyi and
Joshua Horwitz, Ballantine Books, 2021, 368 pp.

Blue

Reviewed by Daniel Ackerman’

Pope Julius II spared no expense in com-
missioning the Sistine Chapel’s ceiling
frescoes. He fetched Italy’s top artistic
talent—Michelangelo—for the job and de-
manded that the artist render the sky a
brilliant celestial blue with a particular
pigment: ultramarine. Derived from lapis
lazuli stone quarried in present-day Af-
ghanistan, ultramarine was worth more
than its weight in gold.

Science journalist Kai Kupferschmidt
shares Julius II’'s obsession with blue, and
he indulges it in an ambitious new biog-
raphy of the color. Blue: In Search of Na-
ture’s Rarest Color dutifully answers all
the expected scientific questions—why is
the sky blue?—but it shines brightest when
Kupferschmidt blends the physical and the
philosophical, asking, for example, is the
sky a social phenomenon?

Over 200 pages, Kupferschmidt sketches
a comprehensive history of the color blue.
He deftly bridges mineralogy, botany, and
art history to explore humanity’s quest for
the perfect blue pigment. With equal ease,
he describes Picasso’s Blue Period palette
and the microstructures that blue jays use
to “cheat” their way to a dazzling cerulean.

The book’s most fascinating chapters,
“Seeing” and “Speaking,” dwell on how we
perceive and communicate color. “Blue
light is not actually blue,” writes Kupfer-
schmidt. Light is merely electromagnetic
radiation—photons with particular wave-
lengths. It becomes “blue” only through
a dance with the eye, the brain, and our
shared understanding of the world.

Here, readers learn about the evolu-
tion of the eye and follow along as Kup-
ferschmidt ponders whether the ancient
Greek poet Homer, who described both the
ocean and oxen as “wine-dark,” might have

1The reviewer is professor emerita at the Department of Integrated Science and Technology, James Madison University, Harrisonburg, VA, USA. Email: ivorymx@jmu.edu ?The reviewer is a freelance
writer based in Kansas City, MO, USA. Email: itsdrfunk@gmail.com °The reviewer is a neuroscientist and freelance science journalist based in Southern California, USA. Email: sutherland@nasw.org
“The reviewer is at the Department of Biology and the Center for Biodiversity and Conservation Research, University of Mississippi, University, MS, USA, and a AAAS IF/THEN Ambassador.

Email: tigoulet@olemiss.edu SThe reviewer is a science journalist based in Boston, MA, USA. Twitter: @maxdkozlov 6The reviewer is at the Girls' Academy of Science and Mathematics, Alverno
College, Milwaukee, WI, USA. Email: elizabeth.gamillo@alverno.edu The reviewer is a freelance journalist based in Boston, MA, USA. Twitter: @DAckermanNews The reviewer is at the Department
of Veterinary Integrative Biosciences and the Department of Humanities in Medicine, Texas A&M University, College Station, TX, USA. Email: bgastel@cvm.tamu.edu
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The blue coloring of the sea swallow (Glaucus atlanticus, left; shown feeding on a hydrozoan) helps camouflage the creature in the blue waters in which it lives.

perceived the color blue differently than
we do today. Language structures our view
of the colorful world, notes Kupferschmidt
in this section, revealing that Russian
speakers are faster than English speakers
in distinguishing shades of blue. (The lan-
guage splits light and dark blue into dif-
ferent categories, just as English separates
green from yellow.)

In his effort to see blue from every possi-
ble angle, Kupferschmidt’s narrative thread
occasionally frays—some sections read
more like a collection of essays than a uni-
fied whole. Yet his lively writing and ability
to wrangle disparate disciplines are more
than enough to keep the curious reader
aboard. And like the very best science writ-
ers, Kupferschmidt paints a radical vision
of material that would feel mundane in the
hands of a less-capable author.

Blue: In Search of Nature’s Rarest Color,
Kai Kupferschmidt, The Experiment, 2021, 224 pp.

The Memory Thief
and the Secrets Behind
How We Remember

Reviewed by Barbara Gastel®

Mysterious illnesses can serve as starting
points for both medical science and popular
science writing. They can lead physicians
and scientists to identify previously un-
known syndromes, better understand the

SCIENCE sciencemag.org

body’s functioning, and ultimately improve
the prevention and treatment of diseases.
For science writers, such cases supply scaf-
folding for narrative, allow easy integration
of human interest, and offer chances to por-
tray not only the products but also the pro-
cess of science. Such cases are at the core
of The Memory Thief and the Secrets Behind
How We Remember by science journalist
Lauren Aguirre.

Early in the book, a young neurologist
named Jed Barash views an MRI scan of the
brain of a patient acting strangely after a
drug overdose. Barash is taken aback: The
patient’s hippocampus—crucial to mem-
ory—is severely damaged, but the rest of
his brain is intact. Upon examination, the
patient shows profound memory difficulty,
akin to the deficits seen in patients with Al-
zheimer’s disease.

Barash embarks on a search for other
such cases, leading to the identification of
what is now called opioid-associated am-
nestic syndrome. Along the way, he enlists
other physicians and researchers to try to
gain a sense of how common this syndrome
might be, how it arises, what it might im-
ply more broadly about the effects of opiate
use, and whether it might offer insights into
other memory impairments.

Threaded throughout this narrative are ac-
counts of well-known cases in which surgical
injury or viral infection ravaged an individ-
ual’s hippocampus, resulting in permanent
memory impairment; descriptions of rodent
studies that have helped researchers identify
the roles of hippocampal neurons in memory
formation; and more information about the

effects of opioids on memory. Aguirre dis-
cusses the possible origins of Alzheimer’s
disease as well as factors that contribute to
healthy aging of the human brain.

Aguirre also recounts the story of Owen
Rivers, a bright young man who has been all
but unable to form new memories since over-
dosing on fentanyl in 2018. The book’s pro-
logue tells Rivers’s story from shortly before
to shortly after the overdose, and segments
interspersed throughout the main text trace
his history and follow his experiences and
reflections since the incident. The epilogue
includes an engaging essay in which Rivers
presents his own perspective on his memory
loss, offering readers a firsthand account of
the experience. “Without Calendar notifica-
tions, task organization apps (huge shoutout
to Trello), alarms, and meticulous preplan-
ning each day, navigating everyday life on my
own would be unfeasible,” he writes.

The Memory Thief is extensively re-
searched, and Aguirre writes clearly, con-
cisely, and often cinematically. Some of the
book’s denser sections might bog down
nonscientists, while experts might lose
patience with some of the more informal
storytelling. However, the book ultimately
succeeds in providing an accessible yet
substantive look at memory science and
offering glimpses of the often-challenging
process of biomedical investigation.

The Memory Thief and the Secrets Behind How
We Remember: A Medical Mystery, Lauren Aguirre,
Pegasus Books, 2021, 336 pp.

10.1126/science.abj2923
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When sharks nearly disappeared

A previously unidentified extinction event in the open ocean decimated pelagic sharks

By Catalina Pimiento?3 and
Nicholas D. Pyenson*5

ach year, the discovery of new shark

species underscores how little we know

about ocean biodiversity (I). This is

alarming not only because human pres-

sures threaten sharks more than other

marine lineages (2) but also because
their fossil record suggests that they were
largely resilient to extinction in the past (3),
with some extant species persisting for tens
of million years (4). On page 1105 of this is-
sue, Sibert and Rubin (5) report an unex-
pected finding: a wholesale extinction
of shark lineages in the pelagic ocean,
the largest ecosystem on Earth, about
19 million years ago. Their discovery
suggests that some extinctions in the
open sea of the past may have been
cryptic. More puzzling is that this
event in the early Miocene seems to
have been hiding in an interval of geo-

thyoliths—tiny, hard bits of shark skin and
bony fish teeth that naturally fall from their
bodies to the seafloor. Once retrieved from
deep-sea sediment drill cores (about 5700
m deep), these microscopic fossils provide a
rich record of ancient oceanic shark (those
living in the open ocean) ecomorphotypes
and their abundance, all accumulating in
fine succession at the scale of thousands of
years. Although this proxy record of diversity
has weak phylogenetic control because such
samples of skin and teeth do not always cor-
respond directly with host lineages, its power
derives from the high temporal resolution

Oceanic shark loss, then and now
Pelagic shark communities never recovered from the early Miocene
extinction event discovered by Sibert and Rubin. The parallels
between that event and today's crisis driven by human pressures
(i.e., overfishing) are striking.

for the rate of microfossil accumulation in
the seafloor sediment and variation in sedi-
mentation rates as well as the preservation
potential of these microfossils. This control
of geologic factors, along with the finely re-
solved cores from two distinct sites (hemi-
spheres apart in the Pacific Ocean), points
to a real global event. There is also a strong
ecological dimension to this faunal turnover:
Nearer-shore taxa appear to survive, whereas
migratory, ocean-going ones go extinct. The
finding of this study is that shark ecology
had undergone a widespread extinction that
reorganized their communities, in an ap-
parent global manner, in the early
Miocene (about 16 million to 20 mil-
lion years ago).

Although the early Miocene ma-
rine faunas were roughly similar
to those of today, the body size dis-
tributions of major ocean predators
were askew. Whereas whales lacked
extreme gigantism at this time (7),

logic time that was previously unre-

EARLY MIOCENE
(19 MILLION YEARS AGO)  ANTHROPOCENE (13)
Total diversity 81 Morphotypes 31 Species

the 20-m shark “Megalodon” (8)

markable. How did they find it, and
what does it mean?

Abundance decrease 90%

71% (1970-2018)

first appeared (9), persisting as a top
predator until the Pliocene (about

Our view of the ancient oceans is
constrained by the environments re-
corded in the rock record, which are
often limited to shallow-water depos-
its that provide little insight into the ocean-
wide history of pelagic faunas. The study of
Sibert and Rubin takes advantage of a system
that Sibert largely pioneered (6) using ich-

'Paleontological Institute and Museum, University of Zurich,
CH-8006 Zurich , Switzerland. 2Department of Biosciences,
Swansea University, Swansea, UK. 3Smithsonian Tropical
Research Institute, Panama. *Department of Paleobiology,
National Museum of Natural History, Smithsonian Institution,
Washington, DC, USA. *Department of Paleontology, Burke
Museum of Natural History, Seattle, WA, USA. Email: catalina.
pimientohernandez@pim.uzh.ch; pyensonn@si.edu
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Diversity decrease

70% (Morphological)

*Projection is based on the number of oceanic shark species currently considered threatened
by the International Union for Conservation of Nature Red List of Threatened Species.

and broad geographic coverage that comes
with sediment cores. By using cores from
multiple regions, the diversity patterns from
the microfossils of marine fauna can yield
major insights into evolution of the open sea
that would be otherwise unknown.

Sibert and Rubin quantified the magni-
tude of a past extinction of sharks, report-
ing a 90% decline in abundance and >70%
drop in morphological diversity. Critically,
they make a compelling case for the secular
nature of this event by adjusting their counts

77%* (Species, projected)

2.5 million to 5.3 million years ago)
(3, 10, 11). The findings of Sibert and
Rubin suggest that there is still much
to learn about the ecological roles for
these marine predators that likely crossed
the interface between the deep ocean and
the shallow marine environment (down to
200-m depths, where the continental shelf is
located) in the early Miocene. We don’t know
whether they migrated to seek seasonal prey,
as whales and sharks do today, or what the
structure was of their feeding ecology over
the course of their life history.

Sibert and Rubin narrowed the disap-
pearance of pelagic sharks to a window of
time under 100,000 years around 19 million

sciencemag.org SCIENCE
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The scalloped hammerhead shark (Sphyrna lewini),
as this one seen off the Galapagos Islands, Ecuador,
is a critically endangered oceanic shark species.

years ago, but the causes of this event re-
main obscure. Because the early Miocene
does not stand out as a period of major
climatic change, the authors do not attrib-
ute environmental factors as an extinction
driver. Mechanism aside, this extinction
resulted in a permanent suppression of
pelagic sharks that affected the ecological
composition of shark communities through
time to the present day.

Despite sharks today being mostly distrib-
uted in the continental shelf (2, 12), in less
than half a century the global abundance of
oceanic sharks has declined by more than
70% (13, 14). This loss of shark diversity is
directly linked to overfishing (12, 13), even
as the undisputable effects of global heating
in the oceans continue to complicate this
crisis. The parallels between this ongoing
crisis and the extinction of pelagic sharks
more than 19 million years ago thus feels
like déja vu, except that this time we know
that the decline of sharks is happening at a
faster rate than at any other in the history
of the planet (see the table).

The loss of sharks from the oceans has
profound, complex, and irreversible eco-
logical consequences because their presence
reflects the stability of marine ecosystems
(15). Yet, one-quarter of the global diversity
of sharks is currently threatened with ex-
tinction (2), with a substantial risk status in-
crease for all 31 extant oceanic shark species
(13). Despite recent improvements in conser-
vation actions, few countries impose restric-
tions that target oceanic sharks (13). Pelagic
shark communities never recovered from a
mysterious extinction event 19 million years
ago; the ecological fate of what remains is
now in our hands.
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Calibrating experiments at
atom-crushing pressures

Shockless compression of platinum and
gold provides pressure standards to >1 terapascal

By Raymond Jeanloz

xperimentalists can now generate ter-

apascal pressures in the laboratory, con-

ditions sufficient to alter the structure

of atoms and the nature of interatomic

bonding (I). These are the pressures of

planets’ interiors and origins—7 TPa
at Jupiter’s center, 4 TPa in the middle of
Saturn, 0.36 TPa for Earth’s inner core—and
planet growth involves impacts that gener-
ate pressures into the terapascal range (2).
Understanding materials and their proper-
ties at such conditions provides key insights
into how planetary bodies form and then
evolve over billions of years. On page 1063
of this issue, Fratanduono et al. (3) establish
a new calibration for such experiments, and
their pressure-volume relations for gold (Au)
and platinum (Pt) can now serve as reliable
standards to >1 TPa.

This is a notable contribution because the
forces that stabilize the atom are of terapascal
magnitude. For example, the quantum-me-
chanical pressure that keeps the negatively
charged electron from being pulled into the
positively charged nucleus of the Bohr atom
is h/(4mm a®) = 2.3 TPa, with 2, m , and a, =
53 pm being Planck’s constant divided by 2,
the mass of the electron, and the Bohr radius,
respectively. Current experiments can thus
match or even overwhelm ambient-condition
quantum forces and profoundly change the
properties of materials.

For comparison, the pressure-volume
work associated with compression to
million-atmosphere (0.1 TPa) pressures
amounts to electron volt changes in a ma-
terial’s energy, affecting the outer bonding
electrons and hence the chemical proper-
ties of atoms (4). The trends of the periodic
table become distorted under these condi-
tions, with xenon, oxygen, and fluid hydro-
gen all transforming to metals and the “sim-
ple metal” sodium becoming a transparent,
ionic salt (electride) by 0.2 TPa (5, 6). The
more extreme conditions at the atomic unit
of pressure, E /a® = 29 TPa, alter the in-

Departments of Earth and Planetary Science and
Astronomy, University of California, Berkeley, Berkeley, CA,
USA. Email: jeanloz@berkeley.edu

ternal energy of materials by kilo-electron
volts (7). These conditions are the gateway
to “kilovolt chemistry” in which core elec-
trons—the deeper electron orbitals of the
atom—engage in chemical bonding (2, 8).

First-principles quantum mechanical cal-
culations already predict unusual properties
at multi-terapascal pressures—for example,
with the stabilization of relatively open
crystal-structure geometries for elemental
iron as well as for a variety of compounds,
despite the atoms being under high com-
pression (8-10). Hydrogen is expected to be
a metallic quantum-crystal at these condi-
tions, with atomic separations approaching
the de Broglie wavelength (atoms becoming
quantum indistinct); the liquid state may ex-
hibit exotic combinations of superconductiv-
ity and superfluidity (11).

Motivated by these predictions, ex-
perimentalists have stretched their capa-
bilities to achieve record high pressures
under controlled laboratory conditions.
Diamond-anvil cells are now approaching 1
TPa by compressing samples between clev-
erly sculpted diamond tips, holding the ~1
um? (1 femtoliter) sample for (as far as we
know) arbitrarily long periods of time (12).
Room-temperature superconductivity was
recently reported in a carbonaceous sulfur
hydride compressed inside a diamond cell
to 0.3 TPa (13); the impact on technology
could be huge, if it leads to the synthesis
of ambient-condition superconductors. By
contrast, pulsed-power- and laser-driven dy-
namic compression can characterize much
larger (cubic millimeter sized) samples to far
higher pressures, but only for tens to hun-
dreds of nanoseconds. For example, laser-
driven ramp loading—in principle, a nearly
isentropic compression—has taken carbon to
5 TPa, into the Thomas-Fermi-Dirac statisti-
cal atom regime; and spherically converging
shocks have produced equation-of-state data
to nearly 50 TPa, conditions that are relevant
to understanding white-dwarf stars (14, 15).

The diversity of techniques is notewor-
thy, with a variety of static versus dynamic
means of generating high pressures and ex-
perimental diagnostics ranging from veloc-
ity interferometry to x-ray diffraction and
spectroscopy. Calibration has thus become
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The Z pulsed-power facility used for calibrating terapascal pressures has a diameter of 37 m.

essential for comparing the different labora-
tory measurements, all the more so because
the samples are probed over different tem-
peratures and time scales by the different
high-pressure methods. Fratanduono et al’s
pressure-volume measurements using both
pulsed-power and laser-driven compression
show that the two technologies, which can
differ by an order of magnitude or more in
sample dimensions and compression time,
are in good agreement with each other (3).
They also find general accord with diamond-
cell reports but are able to provide improve-
ments for the necessarily extrapolated cali-
brations of past experiments.

It is both reassuring and impressive that
measurements made over time scales span-
ning 12 orders of magnitude, from 10-% s for
laser-driven compression to 10* s or more
for static high-pressure experiments, are
in such good agreement with each other.
Calibration allows completely indepen-
dent experiments to be compared and even
combined, not only validating but also
substantially enhancing results because
each method has its advantages and draw-
backs. Short duration in the dynamic mea-
surements invites nonequilibrium effects,
whereas small samples and large stress gra-
dients in the static experiments challenge
reproducibility and quantification.

One of the key reasons that robust calibra-
tion is essential is that these experiments
provide tests of first-principles quantum me-
chanical calculations of material properties.
To be clear, theory and experiment are closely
symbiotic, with the laboratory work being
guided by quantum calculations, which also
help in the interpretation and application of
the experimental results. At the same time,
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experiments provide important validation
for theory, and discrepancies between theory
and experiment help guide improvements
in both. Working at extreme conditions, the
community is moving toward more reliable
predictions of material properties and phase
stability at ambient conditions, advancing
technology as well as fundamental under-
standing. The work also helps us to better
understand planets, the platforms on which
life can establish itself and evolve.
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A LoCK at the
T cell dock

Topology of T cell receptor-
antigen binding constrains
T cell activation

By Veronika Horkova and Ondrej Stepanek

he stimulation of T cells with foreign

or self-antigens plays a central role

in the adaptive immune responses to

infection and cancer but also in auto-

immunity. T cells use a sophisticated

molecular machinery to recognize
and respond to cognate antigens. On page
1056 of this issue, Zareie et al. (I) examine
the productive and unproductive engage-
ment of the T cell receptor (TCR) with an-
tigens by focusing on binding orientation.
The polarity of the interaction affects re-
cruitment of key signaling molecules to the
TCR. This topology thus constrains T cell
immune responses.

Most immune receptors are encoded in
the germline DNA. Evolution fine-tuned
them to recognize germline-encoded endog-
enous ligands (such as cytokines, secreted
immunoregulatory proteins) or conserved
exogenous ligands (such as bacterial prod-
ucts). By contrast, genes encoding the TCR
and B cell receptor (BCR) are rearranged
in each lymphocyte independently. Clonal
selection of lymphocytes during maturation
and in the immune response mimics the
evolutionary adaptations on a scale of an
individual organism.

Whereas the BCR recognizes the antigen
directly, a canonical TCR recognizes an an-
tigenic peptide fragment presented by the
major histocompatibility complex (MHC) on
the surface of a host cell. Therefore, the TCR
ligand consists of a germline-encoded com-
ponent (MHC) and a highly variable antigen
(peptide). This bivalent character stirred de-
bate about whether peptide-MHC (pMHC)
recognition is determined by inherent prop-
erties of the germline-encoded segments of
the TCR or by the selection processes dur-
ing T cell development (2). There is a clear
germline bias of the TCR repertoire toward
MHC recognition that is manifested by a
relatively high percentage of self-pMHC-
specific TCRs in the preselection repertoire
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(3, 4). Yet the majority of developing
T cells do not recognize self-pMHC,
indicating a role for T cell selection
in shaping the self-MHC-restricted
TCR repertoire.

Engagement between a TCR and a
cognate pMHC triggers TCR signal-
ing that instructs cell fate decisions.
During T cell development in the
thymus, self-antigens evoke strong,
weak, or negligible TCR signals that
lead to T cell death (negative selec-
tion), survival (positive selection), or
death “by neglect,” respectively. In
mature T cells, strong TCR signaling
stimulates proliferation and effector
immune responses. TCR signaling is
initiated by tyrosine phosphoryla-
tion of the TCR complex by the intra-
cellular enzyme LCK (lymphocyte-
specific protein tyrosine Kkinase).
However, the mechanism of how an-
tigen binding induces the intracellu-
lar signaling steps is still unresolved.
Although not essential for TCR ac-
tivation, invariant co-receptors CD4
and CD8 facilitate TCR signaling by
binding to MHC class II (MHCII)
and class I (MHCI), respectively. The
co-receptors deliver LCK to the TCR
complex to enhance positive (5) and
negative selection (6) of immature T
cells and TCR sensitivity in mature T
cells (7). The sequestration of LCK by
co-receptors shapes the self-MHC-re-
stricted T cell repertoire by prevent-
ing maturation of T cells specific for
MHCI/II-independent antigens (8).

Various TCRs associated with
their cognate pMHC ligands exhibit
similar, but not identical, binding
orientation (9). High-affinity TCR-
PMHCI interactions with deviated
(10) or even reversed docking sym-
metries (17) do not trigger TCR sig-
naling. Zareie et al. explored the phenom-
enon of unproductive antigen engagement
by comparing three murine TCRs that in-
teract with an MHCI-restricted influenza
antigen (H-2DP- NP366) in the canonical ori-
entation and two TCRs that bind the same
antigen in the reversed docking polarity
(see the figure). T cells that recognized the
reverse orientation did not respond to influ-
enza infection in mice. Only canonical anti-
gen docking recruited CDS8 to the proximity
of the TCR signaling motifs. Whereas CD8-
LCK interaction activated a conventional
TCR, it prevented the activation of a TCR
recognizing the antigen with reversed dock-
ing polarity. The authors concluded that
CD8 sequestered LCK and made it inacces-
sible for TCR-pMHCI pairs with reversed
docking polarity.

MHC
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Productive docking

The polarity of T cell receptor (TCR) binding to its cognate peptide
ligand [presented by the major histocompatibility complex (MHC)]
dictates whether lymphocyte-specific protein tyrosine kinase (LCK)
phosphorylates the TCR and initiates signaling. Absence of CD8 alters LCK
availability and results in weak signaling regardless of docking polarity.
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The major finding of this study is that it
provides an explanation for productive ver-
sus unproductive TCR-pMHCI interactions
by the engagement of CDS8-LCK. Overall,
CD8-LCK not only increases TCR sensitiv-
ity and skews the T cell repertoire toward
pPMHCI/II recognition (8) but also restricts
the orientation of productive TCR-pMHCI
docking (11). Two productive TCR-pMHCII
interactions with reversed docking orienta-
tion have been described in humans (12),
suggesting that the mechanism proposed
by Zareie et al. might not apply to CD4
co-receptor-mediated signaling. However,
too few TCR-pMHCI/II pairs with reversed
docking polarity have been characterized so
far to make any general conclusions.

A previous study characterized three
productive and one unproductive human

TCR-pMHCI interaction with con-
ventional docking geometries (13).
The most pronounced difference
was that only the productive TCR-
PMHCI pairs formed catch bonds,
which are stabilized by mechanical
force. Catch-bond formation also
predicted signaling in two pMHCII-
restricted TCRs  (I3). Recruited
CD8-LCK stabilizes the TCR-pMHCI
interaction, which enables subopti-
mal antigens to form catch bonds
(14). Zareie et al. observed that ca-
nonical productive TCR-pMHCI
interactions formed catch bonds,
whereas unproductive interactions
with reversed docking polarity did
not. Although TCRs with canonical
and reversed docking polarity ex-
hibited comparable time of antigen
binding at 10-pN force, their differ-
ential ability to form catch bonds
could be important. The catch bond
might not just prolong antigen en-
gagement but might also trigger
conformational changes that pro-
mote TCR activation (15). However,
Zareie et al. observed that the exclu-
sion of CD8 resulted in comparable
responses of the canonical and re-
versed docking polarity TCRs with-
out affecting their differential abil-
ity to form catch bonds.

The connections between the roles
of co-receptors and LCK in initiating
TCR signaling, promoting catch-
bond formation, and constraining
the productive TCR-pMHCI/II ori-
entation are key emerging ques-
tions. Although there is no clear
physiological role for unproductive
TCR binding, such interactions are
informative about TCR signaling it-
self. Understanding of mechanistic
details of TCR activation are instru-
mental for rationalizing the design of anti-
genic receptors for immunotherapy.
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SYNTHETIC BIOLOGY

Rewriting the genetic code

Making room in the genetic code allows the creation
of designer proteins with new building blocks

By Delilah Jewel and Abhishek Chatterjee

he near-universally conserved ge-

netic code governs the messenger

RNA (mRNA)-templated synthesis of

proteins in all domains of life, using

just 20 amino acid building blocks.

Progress has been made toward arti-
ficially expanding the genetic code to enable
cotranslational, site-specific incorporation
of noncanonical amino acids (ncAAs) into
proteins in living cells. (Z, 2). Hundreds of
different ncAAs have been genetically en-
coded in various domains of life, enabling
powerful new ways to probe and manipulate
protein functions. However, this approach
has been largely restricted to the incorpora-
tion of a single ncAA into a polypeptide. On
page 1057 of this issue, Robertson et al. (3)
report site-specific incorporation of multiple
distinct ncAAs into proteins with impres-
sive efficiency and versatility, using liber-
ated sense codons. The ability to
generate designer proteins us-
ing multiple non-natural build-
ing blocks will unlock countless
applications, from the develop-
ment of new classes of biothera-
peutics to biomaterials with in-
novative properties.

Incorporating ncAAs into Start
proteins in living cells involves  A:adenine
the use of an engineered trans-  C:cytosine
fer RNA (tRNA)-aminoacyl- 81 gtl:cf?:ne

u |

tRNA synthetase (aaRS) pair,
which does not cross-react with
its counterparts from the host
cell and delivers the desired
ncAA in response to a distinct
codon—most frequently a reas-
signed nonsense (stop) codon.
The inflexibility of the canoni-
cal genetic code, wherein the
meaning of the 64 triplet co-
dons is defined, has impeded
advances toward simultaneous
and unrestricted incorporation
of multiple different ncAAs.
Only the three nonsense codons
are available for reassignment,
which inherently limits how
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many distinct ncAAs may be simultaneously
used. Moreover, the natural function of stop
codons—the release factor-mediated termi-
nation of translation—competes with ncAA
incorporation, compromising the decoding
efficiency. Even though it has been possible
to site-specifically incorporate up to three
different ncAAs by simultaneously reassign-
ing all three stop codons, the low efficiency
restricts the incorporation of each ncAA to
a single site per polypeptide (4).

Four-base “frameshift” codons have been
explored as an alternative to nonsense co-
dons for ncAA incorporation (5). However,
competing recognition of the first three
bases of such four-base codons, and inef-
ficient processing at the ribosome relative
to triplet codons, reduce their decoding ef-
ficiency. The recent development of a heri-
table unnatural base pair, which does not
cross-pair with their natural counterparts
and can be processed by endogenous tran-

Encoding designer proteins
The genetic code of Escherichia coli was engineered to abolish the use of two
sense codons (UCA and UCG) and a nonsense codon (UAG). This freed

these codons up for incorporating up to three different noncanonical amino acids
(ncAAs) at the same time when these codons appear in messenger RNA.

M Nonsense

scription and translation machinery, has
provided access to fundamentally new trip-
let codons that can be assigned to ncAAs
(6). But, it is unclear whether the current
version of this technology is suitable for
simultaneous incorporation of multiple
ncAAs in an unrestricted number of sites.

There is a high degree of redundancy
within the canonical genetic code. For ex-
ample, three codons are assigned to trans-
lation termination, whereas six codons are
assigned to each of the amino acids ser-
ine, leucine, and arginine. Reconfiguring
the genetic code to partially reduce this
redundancy provides an attractive avenue
to liberate some of the triplet codons for
ncAAs. However, doing so demands global
genome engineering to remove all instances
of the chosen triplet codon(s), as well as
the mechanism of their recognition—a
truly daunting task. This was first dem-
onstrated in Escherichia coli, in which all
UAG nonsense codons were replaced with
UAA, using an iterative recombination-me-
diated site-directed mutagenesis strategy
(7). Subsequent deletion of release factor 1
eliminated endogenous recognition of UAG,
which significantly enhanced the efficiency
of ncAA incorporation at this codon. (8, 9).
This work demonstrated the advantage of
assigning ncAAs to natural triplet codons
that are truly “blank.” However,
extending this approach to lib-
erate sense codons, which are
present in far greater numbers
relative to UAG, has proved
challenging (10).

To overcome this limitation,
Fredens et al. developed an el-
egant approach for efficient
global engineering of the E. coli
genome, called REXER (repli-
con excision for enhanced ge-
nome engineering through pro-
grammed recombination) (7).
This involves precise excision of
large segments of the genome
using CRISPR-Cas9, followed by
their efficient substitution with
synthetic counterparts using
recombination. With this ap-
proach, the authors engineered
E. coli strain Syn61, in which all
instances of serine codons UCG
and UCA, and the stop codon
UAG, were substituted by their
synonyms AGC, AGU, and UAA,
respectively. This tour-de-force
genome engineering effort, in-
volving >18,000 codon changes,
transforms UCG, UCA, and
UAG to blank codons, once the
corresponding cognate tRNAs,
serT and serU, and release fac-
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tor 1 are removed from the genome to cre-
ate the strain Syn61.A3.

Robertson et al. used the Syn61.A3
strain to demonstrate the advantage of as-
signing ncAAs to sense codons, enabling
multisite ncAA incorporation with im-
proved efficiency and versatility (see the
figure). Syn61.A3 was evolved to create
Syn61.A3(ev5), a mutant strain with sig-
nificantly improved growth kinetics. This
strain was resistant to a cocktail of dif-
ferent bacteriophages (viruses that infect
bacteria) because of its inability to process
UCG, UCA, and UAG. The authors then
used archaea-derived tyrosyl and pyrrolysyl
pairs—developed previously for expanding
the genetic code of E. coli—to incorporate
ncAAs in response to the liberated sense co-
dons. This enabled efficient incorporation
of two distinct ncAAs at up to three differ-
ent sites each and the simultaneous incor-
poration of three distinct ncAAs in response
to UCG, UCA, and UAG. It has long been hy-
pothesized that liberating a subset of sense
codons for reassignment could improve the
robustness and versatility of genetic-code
expansion technology. This work elegantly
transforms that dream into a reality and
renders validity to these hypotheses.

Collectively, the development and ap-
plication of the Syn61.A3 strain provides a
blueprint for further compression of the ge-
netic code and liberation of additional sense
codons. Coupled with the development of
mutually orthogonal tRNA-aaRS pairs to ef-
ficiently reassign these codons, such efforts
will make it possible to incorporate many
distinct ncAAs into proteins with unprec-
edented versatility and efficiency. This will
enable countless applications, including the
ribosomal synthesis of sequence-defined,
genetically encoded non-natural biopoly-
mers. The ability to generate and evolve
such non-natural biopolymers with the
same versatility as polypeptides could have
broad implications for disciplines ranging
from medicine to materials science.
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Antibody sugars are bittersweet

Antibodies that lack specific sugar modifications can

worsen acute viral diseases

By Ruklanthi de Alwis'? and Eng Eong Ooi'?3

ntibodies constitute an integral arm of

the adaptive immune system that, in

its fight against viruses, can occasion-

ally perform as a double-edged sword.

Antibodies are Y-shaped molecules.

Historically, research on humoral
responses to viral infection have mostly
focused on the V end of the Y: the antigen-
binding regions, or Fab, which bind and
neutralize viral infections. Conversely, the
tail of the Y (also called the fragment crystal-
lizable, or Fc, domain) possesses numerous
functional properties—namely induction of
antibody-dependent complement deposi-
tion, cellular phagocytosis
and cellular cytotoxicity
(I)—but is relatively un-
derstudied. On page 1102
of this issue, Bournazos et
al. (2) and another recent
study by Larsen et al. (3)
demonstrate that modify-
ing the Fc domain with
chains of sugar molecules
(glycosylation) can trigger
cellular immune functions
that can either protect
against or worsen viral
diseases, such as dengue
and COVID-19.

Antibodies are produced by B cells, and
the most abundant form in humans is im-
munoglobulin G (IgG). IgG is produced in
the endoplasmic reticulum (ER) of B cells
and then transported through the Golgi
network for secretion. The ER is also where
chains of sugar molecules—composed of
N-acetylglucosamine, mannose, and glu-
cose—are produced in a stepwise manner
(see the figure). This sugar chain is then
transferred to the Fc domain of IgG mol-
ecules and covalently attached to Asp*” (4).
The sugar chain is then further modified
with the addition of new sugar molecules,
such as fucose, and trimmed as the antibod-
ies pass through the Golgi network. The or-
der of addition and trimming of sugar mole-
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“...afucosylated
antiviral Ig61
[immunoglobulin 1]
may be the trigger
of the excessive
inflammation observed
in severe dengue and
COVID-19 patients...”

cules on the glycan chain is highly organized
and determined by Golgi-resident enzymes,
leading to a total of 36 possible N-linked gly-
can structures (5).

The N-linked glycosylation of IgG enables
proper protein folding and influences the
interaction with Fcy-receptors (FcyRs) on
immune cells to shape the specificity of the
cellular response. IgG interacts with a total
of three types and six subtypes of FcyR. The
specificity and strength of this interaction
is governed by variability in the sugar chain
on the Fc domain. This in turn influences
the type and strength of the antiviral killing
mechanism triggered by IgG (6). One such
variability is the absence of fucose on the gly-
can. More than 90% of se-
rum IgG is fucosylated and
has low affinity to FcyRs.
However, afucosylation in-
creases the binding affin-
ity of IgG to FcyRIIla and
activates macrophages
and natural Killer cells (7).
Although beneficial for
immune-mediated Killing
of cancer cells, such afu-
cosylated IgGs appear to
trigger excessive immune-
mediated damage to pa-
tients with dengue and
COVID-19 (1, 2, 3, 8).

Severe dengue and COVID-19 share a
common pathology: excessive inflamma-
tion. Inflammation is a part of the immune
response to harmful stimuli, such as viral in-
fections. Sensors in cells detect such stimuli
and trigger a cascade of signaling events that
result in increased blood flow and recruit-
ment of immune cells to the site to contain
the harmful stimuli. However, when un-
checked, inflammation can result in damage
to cells and organs, including the integrity of
small blood vessels and lung function, which
are the pathological hallmarks of severe den-
gue and COVID-19, respectively (9, 10).

The findings of Bournazos et al. and
Larsen et al. converged on a possible cause
of such excessive inflammation. The investi-
gators found high amounts of virus-specific
afucoslyated IgGs (specifically of the IgGl
subclass) in the blood of patients with se-
vere dengue or COVID-19. Amounts of these
IgGs were also significantly higher in pa-
tients with severe disease compared with
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milder disease. Increased amounts
of afucosylated IgG1 against dengue
virus and severe acute respiratory
syndrome coronavirus 2 (SARS-
CoV-2) in turn correlated with in-
creased inflammation, as indicated
by the expression of proinflamma-
tory cytokines such as interleukin-6
(IL-6) and tumor necrosis factor-o
(TNF-a). These afucosylated IgGls
were detected in the blood before
severe disease manifested, highlight-
ing a possible causal relationship.
Collectively, these observations sug-
gest that afucosylated antiviral IgG1l
may be the trigger of the excessive
inflammation observed in severe

Membrane-bound
antigen

N-linked glycosylation of antibodies
1 Membrane-bound antigen of dengue virus or severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) is recognized

by B cell receptors and other coreceptors, which initiates antibody
production. 2 Immunoglobulin (Ig) peptides are translated and folded
into antibodies at the endoplasmic reticulum membrane, and glycans
are attached to Asp?’. 3 In the Golgi network, enzymes modify

the N-linked glycan, which includes adding fucose, depending on various
factors. 4 Either fucosylated or afucosylated IgG is embedded in the
plasma membrane or secreted.

Afucosylated IgG

}Fc /

Fucosylated IgG

‘ ‘fBE::!receptor \Y4 o A4

lipid membranes because of the co-
stimulation of an unidentified host
receptor. This postulate is supported
by similar findings that increased
amounts of afucosylated antibodies
against red blood cells and platelets
develop after blood transfusion or in
mothers who were pregnant with ba-
bies with different blood types. Both
dengue virus and SARS-CoV-2 are
covered by a viral protein-embedded
lipid membrane.

The studies of Larsen et al. and
Bournazos et al. raise the question of
whether the different types of dengue
or COVID-19 vaccines produce vary-
ing degrees of IgG fucosylation. Most

dengue and COVID-19 patients and Siecnzfl’itr?r b= e ¢ licensed vaccines or phase 3 candi-
could even potentially serve as a gnaing dates for dengue are live-attenuated
prognostic factor. / candidates. However, for SARS-

Bournazos et al. also extend our CoV-2, the licensed mRNA and ade-
understanding of antibody-depen- 1l e noviral-vectored vaccines induce ex-
dent enhancement of dengue virus Trans Golgi pression of SARS-CoV-2 spike protein
infection. As of now, there are four on host cell membranes, whereas
known different, but genetically re- subunit vaccines (for example, NVX-
lated, dengue viruses (serotypes). Medial Golgi CoV2373) are soluble antigen pro-
Primary infection with one pro- N T teins. These factors could collectively
duces not only IgGs that neutral- * Fucose = g i result in vaccination-induced anti-
ize the infecting serotype but also spike IgGs with varying amounts of
non-neutralizing IgGs that can bind o |eq  Factors affecting Fc N-linked glycosylation and hence
any of the remaining three dengue T“f‘|’°sy 'att'_"" influence their potential protective
serotypes and potentially enhance Ribosome N-linked f An earnma 1on efficacy or inflammation potentiation
infection of host cells through FcyR- e glycan ng upon natural infection. This question
mediated entry. Bournazos et al. M Autoimmunity could be particularly urgent because
demonstrate that higher amounts of Glycan Glycosylation 28 the possibility of immune enhance-
afucosylated antidengue IgG that de- 1 i 11 ) 4 IgG ment of breakthrough infections in

velop after primary infection add to
antibody-enhanced infection by in-
creasing the susceptibility to severe
inflammation and ultimately disease
during a subsequent secondary den-
gue infection. However, the amount
of afucosylated IgG is unlikely to
be the sole explanation for severe
dengue pathogenesis. Others have shown
that antibody-enhanced infection is optimal
when a particular ratio of virus to antibody
is reached (1I). Thus, not everyone with sec-
ondary dengue infection is at risk of severe
dengue. Moreover, differences in host and vi-
ral genetics may also shape the development
of severe dengue (9).

Fc-mediated antibody functions promoted
by afucosylated antibodies are also important
for pathogen and infected-cell clearance. For
example, afucosylated antibodies have been
found to play a protective role (primarily by
enabling viral clearance through antibody-
dependent cellular cytotoxicity) in individu-
als who are able to control HIV or latent
tuberculosis infections (6, 12). Furthermore,
afucosylated monoclonal antibodies against
Ebola were found to be protective through
multiple Fc-mediated mechanisms and have
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high therapeutic value (13). Indeed, Larsen
et al. observed that several highly efficacious
live-attenuated viral vaccines also elicited
afucosylated antibodies. However, the role
of afucosylation in the context of vaccine
responses is unclear and requires better
characterization.

Factors that determine the constituents of
the glycan chain on the Fc domain of IgG, al-
though not well characterized, are likely to be
complex. Demographic factors, such as age
and gender, and autoimmune diseases that
affect the milieu of inflammatory cytokines
during B cell development can affect N-linked
Fc glycosylation (Z). Larsen et al. also ob-
served that only IgGs against viruses with a
lipid envelope induced increased amounts of
afucosylation. Hence, they hypothesized that
afucosylated IgGs are more likely to develop
when the immune target is displayed on fluid

vaccinated people [which has been
observed for dengue virus in humans
and for related coronaviruses SARS-
CoV and Middle East respiratory
syndrome coronavirus (MERS-CoV)
in animal models (14)] remains to be
addressed for COVID-19.
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VIEWPOINT: COVID-19

Uncertain effects of the
pandemic on respiratory viruses

Expanded genomic and clinical surveillance are needed
to understand the spread of respiratory viruses

By Gabriela B. Gomez!?, Cedric Mahé'?,
Sandra S. Chaves'®

he emergence and spread of severe
acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) and subsequent
mitigation measures have caused
widespread social disruption. These
disruptions have also affected com-
munity transmission of endemic diseases
and the seasonal circulation patterns of other
respiratory viruses. In both the Northern
and Southern hemispheres, within-season
influenza activity has been at historically
low levels since 2020 (1, 2). Additionally, the
circulation of human metapneumovirus,
enterovirus, adenovirus, respiratory syn-
cytial virus (RSV), and rhinovirus has been
substantially reduced (3). These reductions
in respiratory virus infections are linked to
changes in health care-seeking behaviors
and limited surveillance capacity, but mostly
to the widespread implementation of non-
pharmacological interventions (NPIs) to con-
trol SARS-CoV-2 transmission. How this will
affect the transmission patterns of endemic
respiratory viruses remains unknown.

NPIs such as face mask use, increased
handwashing practices, social distancing,
and restrictions of global mobility have
been key measures in reducing circulation
of other respiratory viruses. As NPIs are
relaxed and vaccination programs increase
to control SARS-CoV-2 infections, countries
have started to report increases in activity
and circulation of certain viruses, such as
RSV and rhinoviruses, with atypical tim-
ing (3-6). It is unclear why similar trends
of resurgence (off-seasonal increases) have
not been observed so far in other respira-
tory viruses, such as influenza, following
relaxation of NPI measures. Currently, ques-
tions remain as to what the downstream
impact of the COVID-19 pandemic and our
response to it will be on circulation patterns
of endemic respiratory viruses.
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What can be expected once this pan-
demic subsides and NPIs are lifted? If there
is a reduction of population-level immunity,
endemic respiratory viruses could resurge
with atypical patterns and/or with high at-
tack rates (higher risk of infection during
a specific time period) owing to the large
susceptible population. Current disruption
in respiratory virus circulation could also
lead to changes in their epidemiology—
for example, changes in age distribution
or disease severity. Moreover, it is unclear
how many years it would take to reestab-
lish regular seasonal patterns and whether
new pandemic threats can be expected,
especially considering the unpredictability
of influenza virus evolution and the role of
animal reservoirs (see the figure).

Modeling studies have started to explore
the impact of an increase in population sus-
ceptibility due to minimal RSV and influenza
virus infections in 2020-2021 on the magni-
tude of subsequent seasons (7). RSV is a com-
mon respiratory virus that often circulates
during cold months in temperate countries,
causing mostly mild disease in the general
population but with a risk for severe dis-
ease in infants and the elderly. Contrary to
influenza viruses, RSV has no known animal
reservoir. Two main antigenic groups (A and
B) present variability that may contribute to
the ability of RSV to establish reinfections
throughout a life span. Data from surveil-
lance systems have recently identified off-sea-
son circulation of RSV in both Northern and
Southern hemispheres, albeit of lower mag-
nitude than in previously documented RSV
seasons and despite some NPIs still in use.
This increased circulation could have been
driven by an increased susceptibility in the
very young and waning of immunity among
adults (5). Periodic circulation of RSV, even
if limited, may minimize the pool of suscep-
tible population in the long term and prevent
large outbreaks in the future (6).

For influenza viruses, the overall model-
ing conclusions are less robust than for RSV
(7). The rapid evolution and the dynamics
of host immunity associated with influenza
virus infections add further uncertainty
and complexity to the modeling forecast.
Although initial modeling analyses (7) help

illustrate broad scenarios of the possible im-
pact of the COVID-19 pandemic on endemic
respiratory diseases, they also highlight
the gaps in data and knowledge on viral
interference theories (which explain how
an individual infected by a virus becomes
resistant to infection by a second virus),
environmental and temperature effects on
virus seasonality, and the role of immunity
in transmission at the population level.

Theoretically, in the case of influenza
virus, limited community transmission, as
documented in the last seasons, could pres-
ent less opportunity for viral mutations (8)
through antigenic drift (a process of gradual
accumulation of mutations in the surface
glycoproteins, or antigens, of the influenza
virus). Overall, the lack of new mutation
opportunities could limit the variability
of circulating influenza viruses (9, 10). In
turn, those viruses accumulating mutations
could face limited antigenic selection due
to a lower immunological pressure because
there is a reduction in population-wide im-
munity, despite the increased influenza vac-
cination coverage observed in 2020 in vari-
ous countries (17).

The pool of susceptible individuals could
also change qualitatively, with children be-
coming especially vulnerable during future
influenza epidemics if the rest of the popu-
lation maintains cross-protection from infec-
tion with previous seasonal strains. The im-
plication of this scenario is the possibility of
future (larger) influenza seasonal outbreaks
affecting clinically different subpopulations.
Nonetheless, if more homogeneous popula-
tions of viruses are observed, disease could
be controlled through well-matched vaccines.
Conversely, reduced population-wide immu-
nity could allow for the emergence of variant
strains with pandemic potential, including
those possibly introduced from other species.
This is observed, for example, with H3N2v vi-
ruses, which are often detected during sum-
mertime in the US from exposure to swine
in agricultural fairs (12). These variant strains
mostly affect children because population im-
munity from other H3N2 circulating viruses
may be controlling their spread among the
adult population (13). Further research into
the underlying mechanisms determining the
epidemiological features of specific respira-
tory viruses that considers viral evolution, in-
teractions among viruses, and between virus
and host immunity is needed. This will help
identify emerging pandemic threats as well
as better prepare for the long-term manage-
ment of future outbreaks and epidemics.

The evolution of SARS-CoV-2 and the ap-
pearance of variants threatening the effec-
tiveness of newly authorized vaccines have
underlined the importance and limitations
of genomic surveillance networks globally.
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Patterns of respiratory virus infections

During the pandemic, circulation patterns of respiratory viruses other than severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) have been disrupted. This could mean a future shift in the epidemiology of
respiratory diseases, potential for new epidemic threats, or larger outbreaks than previously observed. It is

also unknown how long it will take for seasonal circulation patterns to return to prepandemic levels. Graphs
illustrate trends in detection of respiratory viruses. Data are from respiratory illness surveillance in participating
sites of the Global Influenza Hospital Surveillance Network (14).
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The uncertainty in future scenarios for other
respiratory viruses in the post-COVID-19
period, including possible surges off-season
and changes in clinical burden distribution,
raises the need for an improved and com-
prehensive approach to respiratory disease
and viral genomic surveillance. Widespread
virus genomic surveillance embedded as
part of national disease surveillance efforts
and with links to clinical and epidemiologi-
cal data could not only help monitor evo-
lution but also identify those changes in
strains associated with increased disease
severity or vaccine breakthrough. It could
improve current and new vaccine targets
by refining vaccine strain selection against
COVID-19 and influenza.

The COVID-19 pandemic has exposed
the extent to which countries are still ill-
prepared to monitor the emergence of new
viruses, to assess their potential public health
risk and the effectiveness of public health
responses. The World Health Organization’s
Global Influenza Surveillance and Response
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System (GISRS) network, though providing
much needed surveillance coverage, has lim-
ited linkages to clinical data, and global hos-
pital-based surveillance networks once heav-
ily supported by the US Centers for Disease
Control and Prevention have suffered from
disinvestments in recent years. Ensuring ef-
fective and real-time data sharing, expanding
geographical coverage, and integrating ge-
nomic data of identified viruses with clinical
data will require dedicated financing mecha-
nisms and a stronger scientific collabora-
tion between diagnostic and pharmaceutical
companies, public health authorities, and
academic institutions.

The Global Influenza Hospital Surveillance
Network (GIHSN) has provided a proof of
concept for the expansion of current systems
(14). This public-private partnership initia-
tive was built 8 years ago to improve surveil-
lance of influenza viruses and covers more
than 100 hospitals across over 20 countries.
Centers are asked to identify episodes of se-
vere acute respiratory illness among hospital-

ized patients, testing primarily for influenza
virus but covering other selected respiratory
viruses, such as SARS-CoV-2, as resources
allow. The network then ensures that virus
whole-genome sequencing data are linked to
epidemiologic and clinical data. The genomic
sequences are uploaded into GISAID, a global
data-sharing platform that has become the
largest database of SARS-CoV-2 genomic data
(15). These initiatives aim to provide flexibil-
ity to collaborating stakeholders, creating a
solid infrastructure for expanded respiratory
disease surveillance.

The vision of a global surveillance network
for respiratory viruses, bringing together key
players (multilateral and bilateral organiza-
tions, local governments, foundations, civil
society, academia, and industry) with a com-
mon mission and roadmap, could ground
an efficient global pandemic preparedness
framework. Public and private resources
could empower initiatives such as GISRS
or the Coalition for Epidemic Preparedness
Innovations (CEPI) in supporting govern-
ments and academic centers to maintain a
sustainable surveillance and research plat-
form to respond to public health agendas
and promote preparedness. Currently, the
emergency response to COVID-19 is a global
priority, but preparation for future threats by
building on existent global networks, foster-
ing synergies, and expanding collaborations
among a more inclusive stakeholder popula-
tion should not be overlooked.
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AGRICULTURE AND DEVELOPMENT

Agricultural productivity must
improve in sub-Saharan Africa

The region must pivot from area expansion to increasing
crop yields on existing farmland

By Thomas S. Jayne! and Pedro A. Sanchez?

n the first two decades of the 21st cen-

tury, sub-Saharan Africa (SSA) has

changed rapidly for the better in many

ways, counter to many outdated narra-

tives. Many of these improvements—in-

cluding those in gross domestic product
(GDP) per capita, poverty rates, health, life
expectancy, education, and agriculture—
have been mutually reinforcing (7, 2). SSA
achieved the highest rate of growth in ag-
ricultural production value (crops and
livestock) of any region in the world since
2000, expanding by 4.3% per year in real
[inflation-adjusted US dollars (USD)] be-
tween 2000 and 2018, roughly double that
of the prior three decades. The world aver-
age over the same period was 2.7% per year
(I). Agricultural value added per worker in
real 2010 USD rose from $846 in 2000 to
$1563 in 2019, a 3.2% annual rate of growth.
But to assert that Africa is rapidly develop-
ing does not mean that all livelihood indi-
cators are improving, though most are in
most countries (Z, 3). SSA faces many ma-
jor challenges. We focus below on one such
challenge, which we see as a precondition
for sustaining livelihood improvements in
the region: transitioning from area expan-
sion to productivity growth as the source of
Africa’s agricultural development.

GROWTH, EXTENSIFICATION,
INTENSIFICATION

Most African countries show a strong cor-
relation between agricultural growth and
GDP. Even for the region as a whole, the
degree of correlation is notable (see the
figure, top), confirming the reinforcing
synergies between agriculture and Afri-
can economies. When agriculture grows,
its extensive linkages with off-farm stages
of the agrifood system and nonfarm sec-
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tors expand employment and livelihoods
in the rest of the economy (2, 4). Rapid
agricultural growth since 2000 encouraged
new private investment and employment
in agricultural value chains and nonfarm
sectors of African economies, pulling labor
from farming into off-farm jobs that pro-
vide considerably higher returns to labor
than semisubsistence farming (5). More
than 40% of SSA’s labor force, mainly young
people, is now engaged in off-farm jobs (2,
5). The bottom line is that high farm pro-
duction growth in SSA has contributed to
high overall economic growth and improve-
ments in the welfare of most Africans (2, 4).

Notwithstanding the region’s impressive
agricultural growth since 2000, roughly 75%
of its crop production growth came from
the expansion of area under cultivation and
only 25% from improvements in crop yield
(metric tons per harvested hectare) (see the
figure, middle). Cereal yields in SSA rose
by 38% in the 38 years between 1980 and
2018, roughly half that of South Asia and
Southeast Asia (3). There remains great un-
met potential for crop yield improvement—
or, more appropriately, increases over time
in the ratio of agricultural output to inputs,
hereafter “productivity.”

WHY IS INTENSIFICATION NECESSARY?
Pivoting from area expansion to sustained
productivity growth on existing farmland
is becoming increasingly urgent for several
reasons.

Mounting land pressures

Most smallholder households’ farm sizes
have been gradually shrinking for decades
because of rural population growth and lim-
ited potential for continued area expansion
in relatively densely populated areas where
most rural Africans live. At the continen-
tal level, estimates show that 52% of the
world’s remaining arable land is in SSA (6).
Yet, most of this land is concentrated in just
eight countries, whereas many of the re-
gion’s remaining 41 countries contain large
rural populations clustered in notably small

areas (6). Of SSAs arable rural lands that
receive more than 400 mm average rain-
fall per year, 20% contains 74% of its rural
people (6). Many young rural Africans today
cannot obtain additional land through in-
heritance or customary land institutions as
they used to. Hence, even though most of
SSA might be considered “land abundant,” a
relatively large proportion of rural Africans
face land scarcity. Land prices in the region
are also rising rapidly, even in areas once
considered remote (2). For these reasons,
improving livelihoods for African farmers
increasingly depends on raising the produc-
tivity of existing farmland.

Environmental costs of area expansion
Continued reliance on area expansion as
the main source of agricultural growth
is not a viable option on environmental
grounds, including biodiversity conserva-
tion and destruction of natural vegetation.
The goals of feeding Africa’s growing popu-
lation and conserving the planet’s natural
resources, diverse ecosystems, and the ser-
vices they provide will be more effectively
achieved through productivity improve-
ments on existing farmland instead of area
expansion (7, 8).

DOING THINGS DIFFERENTLY

Achieving higher rates of agricultural pro-
ductivity growth will require technical in-
novation, that is, doing things differently
and doing existing things more efficiently.
Greater and more efficient use of improved
seed, mineral fertilizers, and organic inputs
are widely recognized as preconditions for
achieving productivity growth on African
farms (4, 7-9).

Plant breeders tended to test their im-
proved materials in Africa using state-of-
the-art agronomic practices, including min-
eral fertilizers. These tests produced greater
yields than could be obtained on most
smallholder fields in SSA, which tended to
have nutrient-depleted soils. Farmers gen-
erally did not return the nutrients removed
by crop harvests as fertilizers and manures,
creating a vicious cycle of soil fertility de-
pletion that prevented the yield potential
of improved varieties when used in most
farmer fields. This contrasts with what hap-
pened during the Green Revolution in Asia
where farmers found that the improved
varieties doubled or tripled yields when ni-
trogen fertilizers were added (9). Soil fertil-
ity replenishment in SSA was finally recog-
nized as the key entry point for increasing
crop yields in Africa in the late 1990s. In
2006, farmers in SSA used 8 kg of mineral
fertilizers per hectare, whereas Asian farm-
ers used 15 times more (3). Though fertilizer
use per hectare in SSA has since doubled to
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17.9 kg per hectare in 2018 (3), this is still far
short of what is needed to compensate for
the harvested nutrients (8, 9).

Raising fertilizer use efficiency

There is growing recognition that many
African farmers obtain widely varying and
generally low crop response to the fertiliz-
ers that are applied (8, 10). The agronomic
efficiency of nitrogen (AEN) (i.e., the ad-
ditional kilograms of crop output per ki-
logram of nitrogen nutrient applied to
the field) in Africa averages 14.2 (8), with
considerable variability across seed and
soil type, rainfall, and management. With
appropriate mineral fertilizers, organic
inputs, fertilizer-responsive seeds, and im-
proved soil management, crop response
to fertilizers can be doubled or tripled,
reaching the global average AEN of 37 (8).
Raising crop response to mineral fertilizer
is one of the most important steps toward
achieving agricultural productivity growth
in SSA because it will raise the profitabil-
ity of using fertilizers, organic inputs, and
fertilizer-responsive high-yielding seed va-
rieties. This would in turn promote greater
demand for these inputs and greater invest-
ment in the supply chains for all manner
of agricultural inputs and support services,
which in turn would support virtuous cycles
of farm productivity improvements, greater
competitiveness of African food and agri-
cultural export crops, higher smallholder
incomes, and increased private investment
in agrifood systems. Policy environments
conducive to private investment and com-
petition in agrifood systems are also neces-
sary to ensure that these virtuous cycles can
materialize (2, 4).

Promoting the use of blending facilities
Most fertilizers used in SSA are imported.
In the past decade, many small fertilizer
blending facilities that can produce appro-
priate nutrient compositions for specific
areas, based on recommendations from
soil tests along with digital soil maps, have
sprouted in the region. Some recommenda-
tions often include sulfur, a nutrient that is
commonly deficient in large areas of SSA
(8). Improved blending to suit specific soil
needs has contributed to the doubling of
fertilizer use in SSA over the past decade
(8). Still, much greater intensity of fertilizer
use is needed for SSA to achieve strong ag-
ricultural growth led by productivity gains
on existing cropland (2, 4, 8).

Greater use of organic inputs

African smallholder farmers use little cattle
manures, crop residues, and cover crops
(planted to cover soil, rather than for har-
vesting), partly because such inputs are dif-
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Crop yield must increase in sub-Saharan Africa (SSA)

Strong correlation between agricultural growth and economic growth
Data reflect averages across 46 countries in SSA (excluding high-income countries).
Data are from the World Bank's World Development Indicators (I).
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ficult to grow in fertility-depleted soils (9).
Though cattle manures are used all over Af-
rica as organic inputs, with those produced
from dairy farms generally of high nutrient
quality, most manures used by smallholder
farmers often are of low nutrient quality,
because cattle graze on low-quality grasses
grown on nutrient-depleted soils and the
manures are often mixed with soil (8). Crop
residues such as cereal stover (leaves and
stalks remaining after harvest) are mainly
fed to cattle, but when cereal crop yields
more than double, as commonly happens
with mineral fertilizers and improved seeds
(8), crop residues also increase. This pro-
vides an opportunity to satisfy feeding cat-
tle while returning substantial quantities of
crop residues containing 45% carbon to the
soil. Because mineral fertilizers contain no
carbon, organic inputs must be part of the
equation to achieve soil health (8).

Increasing the use of improved,
high-yielding seeds

There are now more than 100 African-owned
seed companies that sell improved seeds that
can attain high yields when fertilized. Regu-
latory reforms that remove barriers on seed
trade and allow for greater private invest-
ment in seed development and distribution
are, in many cases, needed to make improved
seed more accessible to African farmers (4,
1I). For example, early generation seed pro-
duction (breeder seed and foundation seed)
has been a frequent bottleneck in the produc-
tion and supply of certified seed, delaying
farmers’ access to improved seed. Most Afri-
can governments formerly held a monopoly
on seed production, but now many have al-
lowed private companies to begin producing
it, including in Ghana, Mali, Nigeria, Ethio-
pia, and Uganda (1I). Improving soil health
without improved seeds is a nonstarter (4, 8).
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There is also a need to expand the cov-
erage of SSA countries benefiting from na-
tional and international seed research. Huge
increases in maize and rice yields have oc-
curred in 10 countries that received technical
and financial assistance from international
and national research and development in-
stitutions on seed systems and fertilizers, in
contrast to 10 other African countries that
received relatively little (71) (see the figure,
bottom). Although this bivariate compari-
son does not control for other confounding
factors, the two sets of countries had very
similar yield levels at the beginning of the
2000s. Today, the countries benefiting from
sustained support achieve 80% higher yields.

OVERDUE FOR IMPLEMENTATION
Investment in agricultural research and
development has been consistently dem-
onstrated to be one of the most effective
ways to promote agricultural productivity
growth (4, 12). Especially because SSA is
highly vulnerable to climate change and is
experiencing greater prevalence of extreme
weather, plant diseases, and pests, greater
investment in adaptive and site-specific ag-
ricultural research and development and
extension (R&D&E) is a precondition for
productivity-led agricultural growth in SSA.

Agricultural R&D&E is especially needed
to respond to the growing challenges caused
by climate change; leaching and runoff of ni-
trogen and phosphorus that result in eutro-
phication of water bodies; and detrimental
effects on pollinators when soils, crops, live-
stock, fertilizers, manures, or pesticides are
misused. Effective communications to farm-
ers and the general public, such as Digital
Green and Kenya’s farm-focused “Shamba
Shape Up” television program, can also raise
public awareness of the societal benefits of
agricultural R&D&E and hence bolster sup-
port for such expenditures.

Most African governments devote less
than 10% of their agricultural expenditures
to R&D and spend much less on agricultural
R&D than governments in other regions
(4). Most Asian governments spend at least
four times more per farmer and per hectare
cultivated than African governments (4).
Cereal yields more than doubled over the
past 40 years in South and Southeast Asia
but rose by only 38% in Africa (3).

The Asian efforts focused first on the most
obvious agricultural concern: low-yielding,
tall-statured varieties of rice and wheat
that, when fertilized, fell on the ground to
rot. Although varieties overcoming this con-
straint have been bred in Africa, research
institutions did not confront, until the past
two decades, the first and most obvious agri-
cultural limiting factor: the depletion of soil
fertility in smallholder farmer fields (4). Now
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that fertilizer and organic inputs are being
addressed together with higher yielding va-
rieties, the potential for sustained crop yield
increases has become realistic (8).

These are not new ideas, but they are long
overdue for implementation and sustained
support. Most international development
organizations and foundations dedicated
to promoting agricultural development in
Africa have shied away from addressing the
issue of adaptive local agricultural R&D.
Donors and policy-makers tend to prefer
low-hanging fruit that offers quick wins
that are highly visible, avoiding investments
that require dedicated long-term support
and have long gestation periods before im-
pacts are felt (13). But if left unaddressed,
the constraints posed by the slow pace of
technical innovation on African farms will
retard the achievement of almost all rural
development goals, including those pertain-
ing to reducing inequalities and improving
the livelihoods of rural women and youth.
Sooner or later, local agricultural R&D&E
will need to be addressed head-on if the re-
gion is to pivot decisively to a productivity-
led agricultural growth path.

The main ingredients are sustained
strengthening of adaptive R&D&E to support
farm technical innovation and adaptation,
supportive agricultural marketing and trade
policies—including implementation of the
African Continental Free Trade Agreement—
and infrastructural investments that reduce
costs and risks in the food system, promote
investment and competition in agricultural
value chains, and enable farmers to adopt
these technical innovations (2, 4, 12).

Bidirectional extension and learning

Although the importance of agricultural
extension as a means for bidirectional
learning between farmers and scientists is
well known, these systems in Africa have
suffered from chronic underfunding and
variable management. Because agriculture
in SSA spans a tremendous range of agro-
ecological and economic conditions and
resources and capacities of farmers, the
benefits of strong agricultural science and
technical innovation often cannot trans-
late into farmer adoption and improved
productivity unless the innovations can be
tailored appropriately to farmers’ specific
conditions. Local adaptation of agricultural
research to the diverse farming conditions
of SSA will require bidirectional learning
between farmers and agricultural scientists
to identify how farmers can adapt improved
management practices that fit within their
resource constraints (I4). Bidirectional
learning is especially important when farm-
ing systems are changing, for example, be-
cause of climate change. Ethiopia is one of

the few African countries to substantially
increase its spending on public agricultural
research, which has more than tripled in
real terms since 2000 (15). Ethiopia also has
half of SSA’s agricultural extension workers
(4). Not surprisingly, Ethiopia has enjoyed
the highest rate of agricultural growth of
any country in SSA since 2000 (7, 3). Each
additional $1 of agricultural value-added in
the Ethiopian economy generated an ad-
ditional $0.29 in nonfarm GDP and hence
contributed powerfully to the country’s
rapid economic transformation (75).

Ethiopia’s successes provide a powerful
example for other SSA countries: By com-
mitting greater investment to national and
international agricultural R&D and focus-
ing on improving the operational perfor-
mance of these organizations, SSA govern-
ments will be taking one of the single most
important steps to sustain Africa’s eco-
nomic transformation.
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LETTERS

A treaty under negotiation can help protect marine biodiversity and ensure sustainable use of the high seas.

Edited by Jennifer Sills

Protect high seas
biodiversity

The high seas—marine areas beyond
national jurisdiction (I)—cover nearly half
of Earth’s surface (2). The high seas sup-
port our planet in countless ways, from
regulating the climate, to feeding millions
of people, to supporting industries that
contribute billions of dollars to the global
economy (3). Even so, less than 1% of the
high seas are fully protected (4), and the
current patchwork of management and
lack of oversight leaves them vulnerable
to abuse. In 2017, the United Nations
resolved to develop an international
treaty for the conservation and sustain-
able use of the high seas. Negotiations are
set to end this year. We must ensure that
the forthcoming framework conserves
high-seas biodiversity and promotes sus-
tainable and equitable use.

To maximize biodiversity protection
beyond national jurisdiction, the high
seas treaty should incorporate the timely
establishment of a network of fully pro-
tected marine protected areas for diverse
habitats in strategic locations. Fully pro-
tected marine reserves in the open ocean
preserve fish populations, protect fragile
and valuable ecosystems, and increase
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ecosystem resilience (5, 6). Implementing
effective marine protected areas will
require a coordinated approach across
existing regional and sectoral bodies and
the scientific community (6, 7).

The treaty should also provide a robust
framework to assess the environmental
impacts of activities on the high seas.
Such evaluations should use comprehen-
sive and rigorous global standards and
transparent monitoring. Where necessary,
existing assessment processes should be
reimagined to better measure cumula-
tive impacts. Because the high seas are
dynamic and poorly understood, strate-
gic environmental assessments will be
required to design effective policies in
the future (7).

Finally, the treaty should establish a
robust institutional framework that will
enable the successful implementation
of these safeguards. At a minimum, the
changes will require an administrative
body, a decision-making body, a scientific
committee with influence over decision-
making, and a compliance committee. All
activities, decisions, and plans should be
open and transparent.

Every year, vulnerable and under-studied
marine ecosystems are substantially,
and in some cases permanently, altered
by human activities (8, 9). The proposed
treaty provides an opportunity to con-
serve the high seas for generations to

come and create a more equitable ocean
for all humankind (70, 11). We call on all
nations to construct an ambitious treaty
and conclude these negotiations as soon
as possible, to finally put legal protection
in place for the unprotected half of our
planet (12).
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Trophy hunting
undermines public trust

In March, one of the largest brown
bears in Europe was shot in the Eastern
Carpathians, Romania. A member of one
of Europe’s royal families allegedly paid
at least EUR7000 for the hunt (7), even
though the brown bear is strictly protected
in Romania and bear trophy hunting is
banned (2). The government’s tolerance of
trophy hunts and inadequate oversight of
hunting permits threaten protected species
and undermine public trust.

Under provisions of Article 16(1) of
the EU Habitats Directive, the national
wildlife authority can grant permission
for lethal removal of brown bears if a bear
is deemed a repeated threat to livestock,
crops, or human life (3). However, the local
wildlife administrators allowed trophy
hunting by issuing a permit, approved by
the Ministry of Environment and the local
Environmental Protection Agency, that was
intended for a nuisance animal. The event

SCIENCE sciencemag.org

is under investigation as wildlife crime (4).

In Romania, wildlife authorities are
mandated by law to protect people’s lives
and livelihoods through lethal and nonle-
thal management of problem bears (7). In
this case, the authorities breached public
trust by not enforcing current legislation
and giving game managers, often private
entities, complete control over which ani-
mal is removed and when. Thus, wildlife
authorities failed to protect people’s liveli-
hoods and enabled an illegal trophy hunt
of a nonoffending bear. This event shows
that wildlife species in Romania are still
at the mercy of the rich and powerful
(5) despite being protected by European
legislation (3).

To regain the trust of local communi-
ties and society at large, the Romanian
government must deliver and enforce
effective legislation that allows for
accountable management of nuisance
animals. Transparent large carnivore
management should be rooted in social
realities and the best available science and
capitalize on the opportunities afforded by
the trophy hunt ban to facilitate positive
change (6). The European Commission
can actively assist member states to
manage the increasingly abundant and
conflictual large carnivore populations.
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Brazil’s doomed
environmental licensing

On 13 May 2021, Brazil’s Chamber of
Deputies approved bill 3729/2004 (1, 2),
which essentially abolishes environmen-
tal licensing. The procedural changes
outlined by the bill will have catastrophic
effects on Brazil’s environment. The
February 2021 takeover of both houses of

Congress by a coalition of parties support-
ing President Jair Bolsonaro’s positions on
the environment (3) practically guaran-
tees that the bill will soon be approved
by the Federal Senate and then signed by
Bolsonaro. Nevertheless, efforts to influ-
ence the Senate vote, in addition to legal
challenges, can and must continue.

The bill creates a new “general law
for environmental licensing” that allows
any project, including highways, ports,
railways, and large dams, to be built
under a kind of self-licensing by means
of a mere “declaration of adhesion and
commitment” by the proponent affirm-
ing intention to abide by requirements
established by the licensing authority.
This means that licenses will be issued
automatically without any analysis by
technical staff in the environmental
agencies. For some types of projects, even
this token declaration will be unneces-
sary, including projects for agriculture
(and biofuels), cattle ranching, low-
voltage electricity distribution, and water
and sewage treatment systems. The bill
essentially eliminates public participa-
tion in the process, as well as the roles
of agencies such as the Chico Mendes
Institute of Biodiversity Conservation and
the National Foundation of the Indian,
which are responsible, respectively, for
conservation units (protected areas for
biodiversity) and for guaranteeing rights
of Indigenous peoples.

One of the first Amazonian infrastruc-
ture projects likely to benefit from the
new licensing procedures is the planned
reconstruction of the environmentally
disastrous Highway BR-319, which,
together with its planned side roads,
would open a vast area of Amazonia to
deforestation (4). Amazon deforestation
contributes to climate change and loss
of ecosystem services with consequences
for Brazil and for the entire world. The
effective end to environmental licensing
will make it much more difficult for coun-
tries importing Brazilian commodities to
identify imports whose production and
transport are not tied to deforestation and
associated land grabbing and violation of
the rights of traditional peoples (5, 6).

The vice-president of Brazil’s Senate has
announced the intention to hold public
hearings before the vote on the bill (7).
The Federal Public Ministry (a public
prosecutor’s office for defending the rights
of the people) has analyzed the bill and
considers it unconstitutional (8). This is
important in both the legislative and the
legal battles but is no guarantee of the
bill’s defeat in either the legislature or
the courts. In addition to discussion in
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the Senate, it is important that the bill be
discussed transparently with the citizens
of Brazil, who should be aware of the
impacts of approval.

Bills such as this one, which has been
pending in congressional committees
since 2004, can suddenly surge forth for
a plenary vote when the political climate
is favorable, as it is now. Almost all bills
presented for a plenary vote are passed,
and the key decision is in the hands of the
president of the chamber in bringing a bill
to the floor. This presents an opportunity
for influence from abroad, given that the
presidencies of both houses are controlled
by the “ruralist” voting block that repre-
sents agribusiness. Brazil’s agribusiness
leaders are sensitive to reputational risks
that can cause countries, companies, and
consumers to boycott or impose condi-
tions on Brazilian commodities.
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Comment on “Individual heterozygosity predicts
translocation success in threatened desert tortoises”

Philip W. Hedrick

Scott et al. (Reports, 27 November 2020,
p.1086) suggest, on the basis of conclu-
sions obtained from a desert tortoise

reintroduction program, that higher
genomic heterozygosity should be used to
identify individuals for successful translo-
cation. | contend that this recommendation
is questionable given these relocated tor-
toises’ unknown origin, their high mortality,
insufficient data on resident tortoises and
other components of fitness, and potential
allelic dropout.

Full text: dx.doi.org/10.1126/science.abg2673

Response to Comment on “Individual heterozygos-
ity predicts translocation success in threatened
desert tortoises”

Peter A. Scott, Linda J. Allison, Kimberleigh J.
Field, Roy C. Averill-Murray, H. Bradley Shaffer
Hedrick brings up several potential con-
cerns that he feels challenge or limit our
main finding. Hedrick does not comment
on our empirical results, but rather argues
that several factors may confound or
invalidate our conclusion. Many of these
concerns focus on unknown ecological
aspects of the translocated tortoises, but
we believe there is no reason to conclude
that they bias the results or interpretation
as presented in our original paper.

Full text: dx.doi.org/10.1126/science.abg3199

Comment on “Individual heterozygosity
predicts translocation success in threatened
desert tortoises”

Bengt Hansson, Hernan E. Morales,

Cock van Oosterhout

Scott et al. (Reports, 27 November 2020,
p. 1086) bring much-needed attention to
species conservation by demonstrating
heterozygote superiority among trans-
located tortoises. However, we believe
that their recommended heterozygosity
decision rule risks taking conservation
genomics backward. We argue that their
advice could misguide conservation
management aimed at establishing viable
populations, and that it can be improved by
also assessing the genetic load.

Full text: dx.doi.org/10.1126/science.abh1105

Response to Comment on “Individual heterozygos-
ity predicts translocation success in threatened
desert tortoises”

Peter A. Scott, Linda J. Allison, Kimberleigh J.
Field, Roy C. Averill-Murray, H. Bradley Shaffer
Hansson et al. argue that our main finding
could provide an overly simplistic metric for
maximizing genetic rescue. They agree that
translocating the most genetically diverse
individuals led to a large increase in trans-
located tortoise survival, but recommend
instead moving individuals that have a low
genetic load and the greatest representa-
tion of metapopulation diversity. Their
recommendation is based on specific model
assumptions and fitness effects that are
often unknown and are not generalizable to
many endangered species applications.

Full text: dx.doi.org/10.1126/science.abh2633
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NEURODEVELOPMENT

Keeping brain development untangled

rain circuits established during development can be overlapping or parallel as needed.
Pederick et al. analyzed how parallel circuits in the mouse medial and lateral hippocampus
develop without getting tangled up. Regulated expression of the cell surface molecules
teneurin-3 (Ten3) and latrophilin-2 (Lphn2) keeps confusion at bay. Together, these factors
act as a membrane-bound ligand-receptor pair with repulsive outcomes, and they are able to
destabilize a nascent but incorrect axon-target interaction. Individually, they each mediate homo-
philic attraction as axons search for their favored targets. —PJH Science, abgl774, this issue p. 1068

Fluorescence microscopy image of a mouse brain section showing the expression pattern of two cell surface
proteins involved in parallel hippocampal network formation

ELECTROCHEMISTRY
Potassium helps CO,
compete in acid

Electrochemical reduction
of carbon dioxide (CO,) is a
promising means of convert-
ing this greenhouse gas into

SCIENCE sciencemag.org

valuable fuels and chemicals.
However, two competing reac-
tions restrict the efficiency of
this process. In base, much of
the CO, is trapped as carbon-
ate before reduction; in acid,
protons outpace CO, at catch-

ing electrons from the cathode.

Huang et al. report that a high
dose of potassium ions can help
to solve the latter problem. By
concentrating potassium ions
at the electrode, high selectiv-
ity toward CO, reduction at

high current in acid is possible,
which the authors attribute to
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electrostatic stabilization of the
desired adsorbates. —JSY
Science, abgb582, thisissue p.1074

GENETICS OF OBESITY
Obesity genes
working together

The biological causes of
obesity are not well under-
stood. Sobreira et al. examined
the chromatin interactions
between key genes in a locus
known for its associations with
obesity in human patients. In
addition to directly interrogat-
ing the connections between
these genes and examining
the mechanisms that regulate
their activity, the authors used
mouse models to study the
target genes’ effects on both
adipose tissue and brain cells
that play a role in regulating
dietary preferences. —YN
Science, abfl008, thisissue p. 1085

HYDROGELS

Tougher when stressed
Hydrogels are typically weak
materials because they contain
only a small fraction of poly-
meric material highly swollen
with water. Strength can be
increased by adding extra
cross-linking or interpenetrating
networks with some sacrificial
bonds to enhance toughness;
however, these properties
deteriorate upon stretching and
may be slow to recover after
relaxation. Liu et al. developed
polyethylene glycol hydrogels
cross-linked with moderate
fractions of polymers that form
sliding rings. These allow the
chain to orient in parallel when
stretched, leading to rapid and
reversible strain-induced crystal-
lization and thus much tougher
hydrogels. —MSL

Science, aaz6694, this issue p.1078

GAMMA-RAY BURSTS

An intrinsic gamma-ray
burst afterglow

Long gamma-ray bursts
(GRBs) are emitted by relativ-

istic jets generated during the
collapse of a massive starin a
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distant galaxy. The GRB itself
lasts only a few seconds but is
followed by an afterglow that
can persist for hours or days.
The H.E.S.S. Collaboration
observed the afterglow of GRB
190829A, a nearby long GRB.
The proximity of this burst
allowed it to be detected at
tera—electron volt energies that
would otherwise be absorbed
in the intergalactic medium.
By analyzing the spectrum
and light curve at x-ray and
gamma-ray wavelengths, the
authors show that the after-
glow cannot be explained by
standard models. —KTS
Science, abe8560, thisissue p.1081

PALEOCLIMATE
Antarctic

paleotemperatures

It has been widely thought
that East Antarctica was ~9°C
cooler during the Last Glacial
Maximum, close to the ~10°C
difference between then and
now determined independently
for West Antarctica. Buizert et
al. used borehole thermometry,
firn density reconstructions,
and climate modeling to show
that the temperature in East
Antarctica was actually only ~4°
to 7°C cooler during the Last
Glacial Maximum. This result
has important consequences for
our understanding of Antarctic
climate, polar amplification, and
global climate change. —HJS
Science,abd2897, thisissue p.1097

CORONAVIRUS

Back to school—safely
Severe COVID-19 in children is
rare, but many schools remain
closed because the transmission
risk that school contact poses to
adults and the wider community
is unknown. Observing the het-
erogeneity of approaches taken
among U.S. school districts,
Lessler et al. investigated how
different strategies influence
COVID-19 transmission rates

in the wider community using
COVID-19 Symptom Survey
data from Carnegie Mellon and
Facebook. The authors found
that when mitigation measures

are in place, transmission within
schools is limited and infection
rates mirror that of the surround-
ing community. —CA

Science, abh2939, thisissue p. 1092

HOST SIGNALING
Virus beats
bronchodilators in airways

Agonists of the B,-adrenergic
receptor (B,AR) are used as
bronchodilators to relieve airway
obstruction in asthmatic patients,
but they are less effective in
patients infected with respiratory
syncytial virus (RSV). Harford et
al. found that RSV infection of
human airway smooth muscle
cells resulted in the loss of the
B,AR from the plasma membrane
and in its proteasomal cleavage,
and enhanced the contractility
of these cells in vitro. Drugs that
do not act on the B,AR may be
needed to relieve airway obstruc-
tion in patients infected with RSV.
—JFF

Sci. Signal. 14, eabc1983 (2021).

T CELLS
Reconstructing
Te cell development

Antibody responses, including
those against self-antigens,
are tightly controlled within
germinal centers by balanc-
ing the activity of T follicular
regulatory (T.,) and T follicular
helper (T,,) cells. Kumar et al.
reconstructed the develop-
mental trajectory of T_, cells
using flow cytometry—indexed
single-cell transcriptomics
of follicular T cells isolated
from human peripheral blood,
lymph nodes, and tonsils. They
used transcriptomics to sup-
port a model in which mature
germinal center T, cells arise
from regulatory T cells, with
circulating T, cells represent-
ing a separate developmental
pathway. These results suggest
that mature T_, cells primar-
ily arise independently from
their less mature counterparts
in peripheral blood, providing
further insight into how human
T, cells develop. —CO

Sci. Immunol. 6,eabd8411 (2021).
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CARDIOLOGY
Taking machine learning

to heart

Both children and adults

can have cardiac problems.
Congenital problems pre-
dominate in childhood, whereas
adults are more likely to suffer
from conditions associated with
age. In both cases, however,
accurate diagnosis depends on
access to health care and the

availability of trained specialists.

In two recent studies, Arnaout
et al. and Yao et al. showed how
machine learning can supple-
ment specialist care in both
pediatric and adult cardiology
settings. Arnaout et al. analyzed
fetal ultrasound images to
detect congenital heart disease.
Yao et al. used machine learning
in conjunction with electro-
cardiogram imaging to detect
adults with low ejection fraction
(a measure of the amount of
blood that the heart succeeds in
pumping), which is a risk factor
for subsequent heart failure.

In each case, the technology
should help to improve diag-
nostic accuracy and access to
appropriate treatment. —=YN

Nat. Med. 27,815,882 (2021).

MECHANOCHEMISTRY
N-heterocyclic carbenes
by compression

Mechanochemistry, the applica-
tion of mechanical force to drive
chemical reactions, is widely
used in industry to activate
force-sensitive inorganic materi-
als (mechanophores). In recent
years, there has been consider-
able interest in developing organic
and polymeric mechanophores
that could offer new opportunities
for the development of catalytic
systems, drug-release technolo-
gies, sensors, and other advanced
functional materials. Shen et al.
report that some flex-activated
polymeric mechanophores
can release an N-heterocyclic
carbene under mechanical load
without degradation of the poly-
mer main chain and over multiple
compression-activation cycles.
The proposed mechanophores
could be used as a platform
to release various classes of
N-heterocyclic carbenes, widely
used organocatalysts, which
could trigger practically useful
secondary reactions upon activa-
tion. =YS
Angew. Chem. Int. Ed.
10.1002/anie.202100576 (2021).
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HUMAN EVOLUTION
Origins of the sweaty ape

Humans are unique mammals
that lack hair in many parts of
their body and have an increased
capacity for sweating, which
assists in thermoregulation,
through eccrine sweat glands.
Using a comparative genom-
ics approach to study the
regulation of genes involved in
the development of eccrine sweat
glands, Aldea et al. investigated
noncoding genomic elements
to determine the differences
underlying the increased eccrine
sweat gland density of humans
relative to other primates and
mice. They found that human-
specific evolution in a noncoding
enhancer, hECE1S, likely increases
gene expression of the Engrailedl
gene, which is required for the
development of eccrine sweat
glands. Furthermore, human-
ized hECEL8 knock-in mice have
an increased number of these
glands, supporting the idea that
this human-specific adaptation is
aresult of changes in the noncod-
ing regulatory regions of proteins.
—LMZ

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

2021722118 (2021).

AGRICULTURE
Intervention beans

gricultural interventions to improve human
nutrition do not always recognize ecological
and social processes. To explore how mul-
tiple aspects of farming can be integrated,
Santoso et al. designed an agricultural
intervention study among Tanzanian smallholder
farmers. Mentor farmers were asked to share
agricultural information, and legume seeds were
supplied to participating villages for two growing
seasons between 2016 and 2019. Although the
effect depended on local context, by comparison
with similar programs using more expensive live-
stock interventions, this study achieved results at
the upper end of the range. Although little change
was observed in anthropometric measures,
children’s diet was diversified, household food
insecurity improved, men became more involved
in household tasks, and women's well-being
improved. —CA J. Nutr. 10.1093/jn/nxab052 (2021).

Providing legume seeds for agricultural intervention
results in a wide range of nutritional and social benefits.

GEOLOGY
Hydrogen coal storage

Hydrogen is a zero-carbon fuel
that is particularly difficult to
store because of its high
diffusivity in many materi-

als. Iglauer et al. found that
hydrogen adsorbs onto sub-
bituminous coal and suggest
using coal seams for large-scale
hydrogen storage. The authors

made these measurements in
the laboratory under various
pressure and temperature
conditions. The gas adsorp-
tion substantially increased
with pressure, suggesting that
deeper coal seams might be
the best candidates for storage
if this adsorption behavior is
validated in the field. —BG
Geophys. Res. Lett.
10.1029/2021GL092976 (2021).

Large-scale hydrogen storage may be possible underground in sub-bituminous
seams (black, pictured).

QUANTUM OPTICS
Harnessing the dark
to store light

An excited atom will naturally
decay to the ground state,
with the exciting and emitted
photons forming the basis
for the optical protocols in
quantum communication
and computation. Within
an ensemble of atoms, this
emission process can proceed
constructively, resulting in
faster ensemble decay in an
effect known as superradiance.
In contrast to the superradiant
process, Ferioli et al. report
subradiance in an ensemble of
excited rubidium atoms, where
collective behavior between
the decaying atoms proceeds
destructively, thereby extend-
ing the lifetime of the excited
atom ensemble in what can
be described as a dark state.
Engineering such dark states
could provide a route to storing
light. The reduced linewidth
could also be useful in metrol-
ogy applications. —ISO

Phys. Rev. X11,021031 (2021).

CELL BIOLOGY
Cells feel the strain

Cells respond to mechanical
strain by stiffening their actin
cytoskeleton, a process that
is energetically costly. Salvi et
al. show that cells anticipate
this cost by increasing glucose
transport when subjected to
mechanical strain. In canine
or human epithelial cells in
culture, exposure to strain
caused accumulation of the
glucose transporter GLUTI1 at
cell-cell junctions. The increase
in transporters increased the
uptake of glucose required for
cytoskeletal stiffening. The
transporters were tethered
by the ankyrin G protein to
E-cadherin—containing adhe-
sion complexes at the cell
junctions. Cells expressing a
mutant form of E-cadherin that
did not interact with ankyrin
G failed to accumulate GLUT1
and were unable to form an
effective epithelial barrier.
—LBR

Nat Cell Biol. 23,457 (2021).
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GRAVITATIONAL WAVES

The first 5 years of gravitational-wave astrophysics

Salvatore Vitale

BACKGROUND: Gravitational waves are ripples
in spacetime produced by accelerating masses,
as predicted by the general theory of relativity.
They have been directly detected by the Laser
Interferometer Gravitational-Wave Observatory
(LIGO) and the Virgo detector.

Gravitational waves encode several physical
properties of their sources, such as the masses,
spins, equation of state of nuclear matter, and
distances. Because they are emitted in regions
where gravity is extremely strong, gravitation-
al waves also enable tests of the general theory
of relativity.

Some astrophysical phenomena are expected
to emit both gravitational and electromagnetic
waves, including the mergers of binary neutron
stars, a neutron star merger with a black hole,
or core-collapse supernovae within the Milky
Way. This potentially enables multimessenger
studies of these objects.

ADVANCES: More than 50 gravitational-wave

events have been detected, emitted by the in-
spiral and merger of compact objects (i.e.,

Gravitational —
waves

-

Gravitational-wave observatory

o
LIGO Livingston

neutron stars and black holes) in binary sys-
tems. The gravitational-wave event GW170817
was emitted by a binary neutron star merger
40 million parsecs from Earth. The collision also
generated a highly energetic flash of gamma
rays, which yielded the first multimessenger
observation of a gravitational-wave source. These
measurements showed that binary neutron star
mergers are the progenitors of at least some
gamma-ray bursts, confirming a hypothesis
made decades earlier. The discovery of elec-
tromagnetic emission at lower energies—from
x-ray to radio frequencies—has enabled an ex-
tensive study of the source and has shown that
binary neutron stars can produce many of the
elements heavier than iron.

Analysis of GW170817 and its electromag-
netic counterparts has constrained the equa-
tion of state of nuclear matter, the relation
between density and pressure in the core of
neutron stars; has measured the Hubble con-
stant, which quantifies the local expansion
rate of the Universe; and has confirmed that
the speed of gravitational waves is equal to the

~3— Electromagnetic waves

Germany O
» ’

.‘

I
v H:."r O %
Virgo,m, Italy <

Multimessenger observations of a binary neutron star merger. Two merging neutron stars produce
gravitational waves, observed by gravitational-wave detectors in the minutes preceding the collision. When
the neutron stars collide, they emit a flash of gamma rays, observed as a short gamma-ray burst.
Electromagnetic radiation at lower frequencies (from x-ray to radio frequencies) can be observed for hours
to years following the merger. The combination of gravitational and electromagnetic waves provides
complementary information about the source. The Japanese gravitational-wave detector KAGRA (Kamioka
Gravitational Wave Detector) is not shown in this figure. EGO, European Gravitational Observatory.
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speed of light, within one part in ~10". A sec-
ond binary neutron star gravitational-wave
signal, GW190525, has neutron star masses
outside the range measured in the Milky Way
using x-ray observations.

Dozens of gravitational-wave events have
been detected from binary black hole mergers.
These have shown that the mass distributions
of black holes cannot be a single power law,
like the mass distribution of the parent stars.
Instead, the preferred model has both a power
law component and a Gaussian component,
centered at 33.57%% solar masses. This could
indicate that gravitational-wave events arise
from more than one astrophysical population.
This two-component distribution might be a
result of the physical processes involved in the
explosions of stars of more than ~100 solar
masses, which predict a maximum mass for
black holes formed in supernovae.

The highest mass source detected, GW190521,
has component black holes that are more mas-
sive than expected from stellar evolution theory.
This could indicate that one or both component
black holes were formed in a previous merger
event. Meanwhile, the binary system GW190814
hosts an ~2.6-solar masses compact object, which
makes it either the least massive black hole or
the most massive neutron star yet observed.

The spins of black holes in all of these mergers
are consistent with being preferentially small,
unlike Galactic black holes observed in x-ray
binaries. This could indicate that most black
holes are born with small spin and are later
spun-up by accretion.

Tests of the general theory of relativity using
gravitational-wave data have found no depar-
ture from its predictions. Within the current
precision, general relativity correctly describes
the behavior of compact astrophysical objects
moving in extreme gravitational fields.

OUTLOOK: Existing gravitational-wave detectors
are undergoing upgrades to their sensitivities,
and additional detectors are under construc-
tion. These are expected to detect multiple
neutron star binary mergers and ~100 binary
black hole mergers every year. The growing
dataset should provide a better understand-
ing of the astrophysical formation pathways
of compact objects over the mass range be-
tween ~1 and a few hundred solar masses. In-
dependent measurements using pulsar timing
arrays could detect the lower-frequency gravi-
tational waves produced by supermassive black
hole binaries, which are expected to form when
galaxies merge.
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TRANSCRIPTION

Structures of the human Mediator and
Mediator-bound preinitiation complex

Xizi Chent, Xiaotong Yint, Jiabei Lit, Zihan Wuft, Yilun Qit, Xinxin Wangt, Weida Liu, Yanhui Xu*

INTRODUCTION: The multisubunit Mediator binds
RNA polymerase II (Pol IT), transduces regulatory
signals from transcription factors to Pol II, facil-
itates preinitiation complex (PIC) assembly, and
stimulates cyclin-dependent kinase 7 (CDK?7)-
mediated Pol I C-terminal domain (CTD) phos-
phorylation. The 14-subunit transcription factor
IID (TFIID) is globally required for almost all
Pol II-mediated transcription initiation and
cannot be replaced by TATA box-binding pro-
tein (TBP), a TFIID subunit. Previous structural
studies focused on the TBP-based system. How-
ever, the mechanism by which Mediator is as-
sembled into TFIID-based PIC and regulates
Pol II CTD phosphorylation remains elusive.

RATIONALE: We reconstituted and determined
the cryo—-electron microcopy structures of human
26-subunit Mediator and its complex with TFIID-
based PIC (76 polypeptides, ~4.1 megadaltons).
Structural analyses were performed using the

Enhancer

& o 7

ﬁan (MED?)
i _’_fl

%::rf

structures of Mediator and PIC-Mediator in dis-
tinct conformations, as well as the previously
reported TBP-based PIC-Mediator structure.

RESULTS: Mediator in the Tail-extended (MED®)
and Tail-bent (MED®) conformations reveals
similar separation of the Head and Middle mod-
ules. The structure of MED® at 3.5-A resolution
reveals the mechanism of Mediator assembly.
Binding of PIC induces concerted modular re-
organization (Head-tilting and Middle-down)
of Mediator through two connected molecu-
lar levers. The o-helix bundle HB1 of the Head
and the Knob of the Middle form a Head-Middle
sandwich, which stabilizes two CTD segments
with the longer segment extending toward the
CDK?7 active site. The CTD-Mediator-CDK?7 bind-
ing pattern suggests a CTD-gating mechanism,
by which Mediator binds and brings Pol II CTD
to CDK? for efficient and persistent phosphor-
ylation. Structures of PIC-Mediator in distinct

conformations indicate that PIC’s architecture
modulates Mediator organization. Mediator
and TFIID together position TFIIH, stabi-
lize xeroderma pigmentosum type B (XPB)-
promoter-Pol II contacts, and may facilitate
XPB-mediated promoter melting and DNA
translocation toward Pol II. Structural com-
parison with TBP-based PIC-Mediator reveals
considerable differences in Mediator confor-
mation, CTD-Mediator interaction, and XPB
stabilization, underscoring the critical role of
TFIID in organizing PIC-Mediator.

CONCLUSION: Our study provides the structure
of the human Mediator at near-atomic resolu-
tion as well as the structure of the complete
PIC-Mediator holocomplex. These structures
provide insights into PIC-Mediator assembly
and Mediator-stimulated CTD phosphorylation.
TFIID may confer considerable complexity and
dynamics of PIC-Mediator organization to accom-
modate highly dynamic processes of transcription
initiation. The structures also provide a frame-
work for further studies of Mediator-stimulated
transcription activation by transcription factors.

The list of author affiliations is available in the full article online.
tThese authors contributed equally to this work.
*Corresponding author. Email: xuyh@fudan.edu.cn
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Canonical T cell receptor docking on peptide-MHC
is essential for T cell signaling

Pirooz Zareie, Christopher Szetot, Carine Farenc, Sachith D. Gunasinghe, Elizabeth M. Kolawole,
Angela Nguyen, Chantelle Blyth, Xavier Y. X. Sng, Jasmine Li, Claerwen M. Jones, Alex J. Fulcher,
Jesica R. Jacobs, Qianru Wei, Lukasz Wojciech, Jan Petersen, Nicholas R.J. Gascoigne,

Brian D. Evavold, Katharina Gaus, Stephanie Grast1*, Jamie Rossjohni*, Nicole L. La Grutat*

INTRODUCTION: T cell receptor (TCR) recogni-
tion of peptide-major histocompatibility com-
plexes (pMHCs) is one of the most diverse
receptor-ligand interactions in biology. Never-
theless, these interactions exhibit a
highly conserved, or canonical, TCR-
PMHC docking polarity in both mice
and humans. Whether this canon-
ical docking polarity is driven by
evolutionarily conserved, germline-
encoded complementarity between
the TCR and MHC or by signaling
constraints imposed by coreceptors
has been a question of enduring de-
bate. Here, we demonstrate that al-
though reversed-polarity TCR-pMHC
recognition is prevalent within a
naive, viral epitope-specific T cell
repertoire and may exhibit relatively
high pMHCI affinity, such TCRs are
unable to support TCR signaling in
the presence of CD8 coreceptor be-
cause of mislocalization of Lck. These
data support a paradigm in which the
highly conserved TCR-pMHCI dock-
ing polarity is driven by structural
constraints on TCR signaling.

APC

RATIONALE: Evidence suggests that
the canonical TCR-pMHC docking
polarity is driven by evolutionary hard-
wiring of complementary germline-
encoded motifs at the TCR and MHC
interface. An alternate model sug-
gests that TCR recognition of pMHC
is driven during thymic selection by the need
for the CD4 or CD8 coreceptors to bind MHC
and deliver coreceptor-associated Lck to the
CD3 signaling complex. We previously iden-
tified reversed-polarity TRBV17" TCRs from
the preimmune influenza A virus (IAV)-specific
repertoire that bound pMHCI (H-2DPNP;6)
with a moderate affinity but were unable to
support robust T cell recruitment. Here, using
a range of canonical and reversed TCRs spe-
cific for the same cognate pMHCI, we tested
the hypothesis that the TCR-pMHCI dock-
ing polarity precedes binding strength as
a key determinant of T cell activation. We
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hypothesized that the underlying driver of
the canonical docking polarity is the colocal-
ization of signaling molecules central to the
TCR signal transduction pathway.

TCR-pMHC docking
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The canonical polarity of TCR-pMHC docking is essential for colo-
calization of CD3 and coreceptor-associated Lck and for produc-
tive TCR signaling. Schematic shows how canonical TCR-pMHC
recognition colocalizes Lck and CD3, driving TCR-mediated signaling.
By contrast, a reversed TCR-pMHC recognition polarity
mislocalizes Lck and CD3, impeding signaling.

RESULTS: In this study, we demonstrate that
reversed TCRs are prevalent in a naive virus—-
specific repertoire but are poorly represented
in the immune response after virus challenge.
We identified antigen-specific TCRaf clono-
types that were either poorly recruited or
clonally expanded and found an overriding
association between immune prevalence and
canonical TCR-pMHCI docking. This was
irrespective of pMHCI affinity, catch or slip
bond formation, or TCR clustering, demon-
strating that a canonical docking polarity is
required for T cell activation. This finding
was verified after viral challenge of adoptively

transferred retrogenic T cells expressing re-
versed or canonical docking TCRs of varying
affinities. The inability of T cells expressing
reversed-docking TCRs to be recruited into the
antiviral immune response demonstrates that
TCR-pMHCI docking topology supersedes
TCR-pMHCI affinity as the primary determi-
nant for effective in vivo immune recruitment.
Using fluorescence lifetime imaging micros-
copy (FLIM)-Forster resonance energy trans-
fer (FRET) analyses, we show that canonical
TCR-pMHCI docking is essential for the
colocalization of CD8-Lck with CD3(¢, which
is impaired when the TCR engages pMHCI
with reversed polarity. The requirement for
canonical TCR-pMHCI docking can be cir-
cumvented by the removal of the CD8 core-
ceptor or by dissociation of Lck from CDS,
suggesting that sequestration of Lck by the
CD8 coreceptor has a dual role: po-
tentiating signaling arising from ca-
nonical TCR-pMHCI interactions and
impeding reversed-polarity TCR-
PMHCI signaling.

CONCLUSION: The inability of reversed-
polarity TCRs to participate in the im-
mune response occurs independently
of TCR-pMHCI binding affinity and
instead is a direct consequence of re-
versed TCR-pMHCI engagement. Most
TCR-pMHC complexes that have been
solved to date, upon which the canoni-
cal TCR-pMHCI docking paradigm
has been established, were derived
from expanded immune repertoires.
Thus, we conclude that the highly
conserved docking polarity is driven
predominantly by the structural con-
straints imposed on TCR signaling and
recruitment into an immune response.
In addition to the well-recognized
augmentation of signaling resulting
from canonical TCR-pMHCI engage-
ment, our findings suggest a role for
coreceptor-Lck association in pre-
venting signaling by noncanonical
TCR-pMHC recognition. Such neg-
ative regulation would serve to limit
the extent of functional TCR cross-
reactivity and constrain the number of signaling-
competent TCR-binding modalities.

pMHC

TCR

CD3
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SYNTHETIC BIOLOGY

Sense codon reassignment enables viral resistance
and encoded polymer synthesis

Wesley E. Robertsont, Louise F. H. Funke't, Daniel de la Torre't, Julius Fredens't, Thomas S. Elliott!,
Martin Spinck’, Yonka Christova', Daniele Cervettini', Franz L. Boge, Kim C. Liu', Salvador Buse',
Sarah Maslen?, George P. C. Salmond?, Jason W. Chin®*

It is widely hypothesized that removing cellular transfer RNAs (tRNAs)—making their

cognate codons unreadable—might create a genetic firewall to viral infection and enable sense
codon reassignment. However, it has been impossible to test these hypotheses. In this work,
following synonymous codon compression and laboratory evolution in Escherichia coli,

we deleted the tRNAs and release factor 1, which normally decode two sense codons and

a stop codon; the resulting cells could not read the canonical genetic code and were completely
resistant to a cocktail of viruses. We reassigned these codons to enable the efficient synthesis
of proteins containing three distinct noncanonical amino acids. Notably, we demonstrate the
facile reprogramming of our cells for the encoded translation of diverse noncanonical

heteropolymers and macrocycles.

ature uses 64 triplet codons to encode
the synthesis of proteins composed of
the 20 canonical amino acids, and most
amino acids are encoded by more than
one synonymous codon (7). It is widely
hypothesized that removing sense codons and

Medical Research Council Laboratory of Molecular Biology,
Cambridge, UK. “Department of Biochemistry, University of
Cambridge, Cambridge, UK.
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the tRNAs that read them from the genome
may enable the creation of cells with several
properties not found in natural biology, in-
cluding new modes of viral resistance (2)
and the ability to encode the biosynthesis
of noncanonical heteropolymers (3-6). How-
ever, these hypotheses have not been ex-
perimentally tested. Removing release factor
1 (RF1) (and therefore the ability to efficiently
terminate translation on the TAG stop codon)
from Escherichia coli provides some resistance
to a limited subset of phage (7, 8). However,

this resistance is not general, and phage are
often propagated in the absence of RF1 (8),
because the TAG stop codon is rarely used for
the termination of translation (9), and—even
when viral genes do terminate in an amber
codon—the inability to read a stop codon
does not limit the synthesis of full-length
viral proteins. In contrast, sense codons are
commonly at least 10 times more abundant
than amber codons in viral genomes and oc-
cur over the length of viral genes; thus, we
predicted that a cell that does not read sense
codons would not make full-length viral proteins
and would therefore be completely resistant to
viruses.

Current strategies for encoding new mono-
mers in cells are limited to encoding a single
type of monomer (commonly in response to
the amber stop codon) (3, 10, 1), directing
the inefficient incorporation of monomers or
potentially incompatible with encoding se-
quential monomers (12-17); these limitations
preclude the synthesis of noncanonical hetero-
polymer sequences composed entirely of non-
canonical monomers. We hypothesized that
reassigning sense codons to noncanonical
monomers may enable the efficient and se-
quential polymerization of distinct nonca-
nonical monomers to produce noncanonical
heteropolymers.

Recently, a strain of E. coli, Syn61, was
created with a synthetic recoded genome in
which all annotated occurrences of two sense
codons (serine codons TCG and TCA) and a
stop codon (TAG) were replaced with synon-
ymous codons (I8). In this study, we evolved
Syn61 and deleted the tRNAs and release

A Serine Serine
codon tRNA anticodon codon tRNA anticodon .
Serine
serT codon tRNA anticodon
/ 2 rounds of parallel mutagenesis
TeCNGGARTIEY & dynamic selection to create Syn61(ev2) (GGAREIIAN
synonymous 4
codon deletion of serT, serU, prfA
compression GCURY to create Syn61A3 (€l serv
STOP STOP iy
i codon Release factor
codon Release factor codon Release factor g I;;)Unnadns] ingZTeriltliilnmUtageneSIS prfB
2 [ -2 [ & dynamic selection
AA Syn61A3(ev5)
RF1 I RF1 I Y
E. coli Syn61
B o.015 . . . . ) . ) )
Fig. 1. Strain evolution and creation of Syn61A3. (A) Schematic of strain evolution. Black lines connect
< 0.010 B the codons that encode serine and protein termination to the anticodons of the tRNAs or release
€ = - factors predicted to decode them. The genes encoding the corresponding tRNAs and release factors are
§ - indicated in the black boxes. Cells with the decoding rules of Syn61 are denoted with a pink box throughout.
' Two rounds of parallel mutagenesis and dynamic selection created Syn6l(ev2). serT, serU, and
0.000 prfA were then deleted to create Syn61A3. Finally, three rounds of parallel mutagenesis and dynamic
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selection were applied to create Syn61A3(ev5). Syn61A3 and Syn61A3(ev5) are represented by the
light-teal box throughout. (B) Growth rates of Syn6l and all intermediate strains in the development of
Syn61A3(evb). Growth rates were calculated on the basis of growth curves measured for n = 8 replicate
cultures for each strain. ou, optical units. For statistics, see methods in the supplementary materials.
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Fig. 2. Lytic phage propagation and cell lysis
are obstructed in Syn61A3. (A) Schematic

of viral infection of Syn61A3. Deletion of

serU (encoding tRNAS®' ), serT (encoding
tRNAS®"ga), and prfA (encoding RF1) makes the
UCG, UCA, and UAG codons unreadable,

and the ribosome will stall at these codons
within an mRNA that contains them, as shown here
for a viral mRNA. (B) Schematic of the number

of TCG, TCA, and TAG codons and their positions in
the genome of T6 phage. (C) Cultures were
infected with T6 phage at a multiplicity of infection
(MOI) of 5 x 1072, and the total titer (intracellular
phage plus free phage) was monitored over

4 hours. PFU, plague-forming units. Treatment
with gentamicin was used to ablate protein
synthesis, providing a control for cells

that cannot synthesize viral proteins or

produce new viral particles. (D) T6 efficiently
lyses Syn61 variants but not Syn61A3. Cultures
were infected as in panel (C), and ODgop was
measured after 4 hours. (E) Number of the
indicated codons per kilobase in each indicated
phage. (F and G) Syn61A3 survives simultaneous
infection of multiple phage. (F) Photos of the
culture at the indicated time points after infec-
tion (+) or in the absence of infection (-).
Cultures were infected with phage A, P1, T4, T6,
and T7, each with an MOI of 1 x 1072, (G) ODggo
of the cultures was measured after 4 hours.

All experiments were performed in three
independent replicates; the dots represent the
independent replicates, and the line (C) or bar
[(D) and (G)] represents the mean. The photo (F)
is a representative of data from three
independent replicates.

factor that decode TCG, TCA, and TAG codons.
We show that the resulting strain provides
complete resistance to a cocktail of viruses.
Moreover, we demonstrate the encoded incor-
poration of noncanonical amino acids (ncAAs)
in response to all three codons and the en-
coded, programmable cellular synthesis of
entirely noncanonical heteropolymers and
macrocycles.

Creating Syn61A3

We predicted that replacing the annotated
TCA, TCG, and TAG codons in the genome
would enable deletion of serT and serU (en-
coding tRNAS";c, and tRNASq,, respec-
tively) and prfA4 (encoding RF1), which decode
these codons, in a single strain (Fig. 1A). We
previously showed that serT, serU, and prfA
could be deleted in separate strains derived
from Syn61 (18); however, this does not cap-
ture the potential epistasis between these
genes. We sought to determine whether serT,
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serU, and prfA could be deleted in a single
strain derived from Syn61.

Syn61 grows 1.6 times slower than the strain
from which it was derived (I8). To increase
the growth rate of the strain before serT, serU,
and prfA deletion, we applied a previously
described random parallel mutagenesis and
automated dynamic parallel selection strategy
(19); this approach uses feedback control to
dynamically dilute mutated cultures on the
basis of growth rate and thereby selects fast-
growing strains from within mutated pop-
ulations (fig. S1A). Through two consecutive
rounds of mutagenesis and selection, we created
a strain, Syn61(ev2), which grew 1.3-fold faster
(Fig. 1B; fig. S1, B to E; and data S1 and S2).

Next, we removed serU, serT, and prfA
from Syn61(ev2) to create Syn61A3 (Fig. 1A,
fig. S1C, and data S1 and S2). This demon-
strated that removing the target codons in
Syn61 was sufficient to enable the deletion of
all decoders of the target codons in the same

strain. However, Syn61A3 grew 1.7 times slower
than Syn61(ev2) (Fig. 1B). This growth de-
crease may result from the presence of target
codons in the genome of Syn61 that were not
annotated and targeted (20, 2I), and it may
also result from the other noncanonical roles
that tRNAs may play (22, 23).

We performed three sequential rounds of
random parallel mutagenesis and automated
dynamic parallel selection to evolve Syn61A3
to Syn61A3(ev5), which grew 1.6-fold faster
than Syn61A3 (Fig. 1, A and B; fig. S1, B, C, and
F to H; and data S1). When grown in lysogeny
broth (LB) media in shake flasks, the doubling
time of Syn61A3(ev5) was 38.72 + 1.02 min (fig.
S1I). Syn61A3(ev5) contains 482 additional mu-
tations with respect to Syn61—420 substitutions
and 62 indels—of which 72 are in intergenic
regions (data S1 and S3 and fig. S2). No target
codons were reverted, further demonstrating the
stability of our recoding scheme. Sixteen sense
codons in nonessential genes were converted
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Fig. 3. Reassigning two sense A NncAA
dons and a stop codon to codon tRNA anticodon
cocions ale 25 op Locom. RARd 0- AN
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of ubiquitin-Hisg incorporating BocK

at positions 11 and 65, from a Ub;jxxxgsxxx gene bearing the indicated
target codons was confirmed by ESI-MS. Theoretical mass: 9629.0 Da;
measured mass: 9629.2 Da (TCG), 9629.0 Da (TCA), and 9629.0 Da (TAG).
The smaller peak of =100 Da corresponds to loss of tert-butoxycarbonyl
from BocK. (F) As in (B), but using Ubixxx.14xxx.65xxx. Which contains
target codons at positions 11, 14, and 65 of the Ub gene. (G) Production
of ubiquitin-Hisg incorporating BocK at positions 11, 14, and 65, from
Ubi1xxx. 14xxx.65xxx bearing the indicated target codons was confirmed by
ESI-MS. Theoretical mass: 9756.0 Da; measured mass: 9756.2 Da (TCG),
9756.0 Da (TCA), and 9756.0 Da (TAG). The smaller peaks of -100
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or =200 Da correspond to loss of tert-butoxycarbonyl from one or two BocK
residues, respectively. (H) As in (B), but using Ubgxxx. 11xxx.14XXX.65XXX+
which contains target codons at positions 9, 11, 14, and 65 of the Ub gene.
(1) Production of ubiquitin-Hisg incorporating BocK at positions 9, 11, 14,
and 65, from Ubgxxx 11xxx.14xxx.65xxx Dearing the indicated target codons
was confirmed by ESI-MS. Theoretical mass: 9883.3 Da; measured mass:
9883.2 Da (TCG), 9883.2 Da (TCA), and 9883.2 Da (TAG). The smaller peaks
of =100 or —200 Da correspond to loss of tert-butoxycarbonyl from one or two
BocK residues, respectively. All experiments were performed in biological
replicates three times with similar results.
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to target codons (5xTCG, 3xTCA, 8xTAG); these
frequencies are comparable to those observed
for other codons (data S1). Subsequent experi-
ments used Syn61A3 or, once available, its
evolved derivatives to investigate the new prop-
erties of these strains.

tRNA deletion ablates virus production
in Syn61A3

We investigated the effects of deleting the
genes encoding tRNAS" ¢, tRNAST ¢, and
RF1 on phage propagation by Syn61A3 (Fig. 2A)
in a modified one-step growth experiment
(24). For Syn61(ev2), the total titer of phage T6
[a representative of the lytic, T-even family
(Fig. 2B)] briefly dropped (as phage infected
cells) before rising to two orders of magnitude
above the input titer, as infected cells produced
new phage particles (Fig. 2C and fig. S3A). As
expected, the optical density at 600-nm wave-
length (ODgp0) of Syn61(ev2) was decreased by
infection with T6 phage, which is lytic (Fig. 2D).
Syn61ARF1 (data S1) and Syn61(ev2) produced

a comparable amount of phage on a compara-
ble time scale and showed similar changes in
ODgo upon infection. We conclude that de-
letion of RF1 alone has little, if any, effect on
T6 phage production or cell lysis.

Infection of Syn61A3 with T6 phage led to a
steady decrease in total phage titer. Notably,
this decrease was comparable to that observed
when protein synthesis, and therefore phage
production in cells, was completely inhibited
by addition of gentamicin (Fig. 2C and fig.
S3B). Moreover, T6 infection had a minimal
effect on the growth of Syn61A3 (Fig. 2D).
We conclude that Syn61A3 does not produce
new phage particles upon infection with T6
phage and that T6 phage does not lyse these
cells. Similar results were obtained with T7
phage, which has 57 TCG codons, 114 TCA
codons, and 6 TAG codons in its 40-Kb genome
(fig. S3, A, C, and D). We treated cells with a
cocktail of phage containing lambda, P1vir,
T4, T6, and T7, which have TCA or TCG sense
codons that are 10 to 58 times more abundant

A B c
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Serine ] p-I-Phe: oo+ -4 2
codon tRNA anticodon |UGA[RLIVS 2
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STOP p--Phe: - + - & >
codon Release factor BocK: - + - + ﬁ
[RF2 [ g
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Fig. 4. Double and triple incorporation of distinct noncanonical amino

than the amber stop codon in their genomes
(Fig. 2E and fig. S3E), and found that the
treatment with this phage cocktail led to lysis
of Syn61(ev2) and Syn61ARF1 but had little
effect on the growth of Syn61A3 (Fig. 2, F and
@G), suggesting that the deletion of tRNAs in
Syn61A3 provides resistance to a broad range
of phage.

Reassigning target codons for
ncAA incorporation

We expressed Ub;xxx genes (ubiquitin-Hisg
bearing TCG, TCA, or TAG at position 11)
and genes encoding the cognate orthogonal
MmPyIRS/MmtRNAP™ vy pair (25) (in which
the anticodon is complementary to the codon
at position 11 in the Ub gene) in Syn61A3(ev5)
(Fig. 3A and data S2).

In the absence of added ncAA, little to no
ubiquitin was detected from Ub genes bearing
a target codon at position 11, while control
experiments demonstrated that ubiquitin is
produced from a “wild-type” gene that does

CbzK / p-I-Phe
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o
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butoxycarbonyl!
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acids into TCG, TCA, and TAG codons in Syn61A3 cells. (A) Reassignment

of TCG (blue box), TCA (gold box), and TAG (green box) codons to distinct ncAAs
in Syn61A3. Reassigning all three codons to distinct ncAAs in a single cell
requires three engineered triply orthogonal aaRS/tRNA pairs. Each pair must
recognize a distinct ncAA and decode a distinct codon. The tRNAs from these
triply orthogonal pairs are labeled O-tRNA™ (B) The incorporation of two distinct
noncanonical amino acids in response to TCG and TAG codons in a single gene.
Syn61A3(ev4)—containing the IR26PYIRS(ChzK)/AMRNAANY®) . pair (16) and
the AfTyrRS(p-1-Phe)/ARRNAT O, 1 pair (29), which direct the incorporation of
ChzK into TCG and p-I-Phe into TAG, respectively—were provided with CbzK and
p-I-Phe. Cells also contained UbllTCG,GSTAG (TCG/TAG), UbQTCG,llTCG,14TAG,65TAG
(2xTCG/2xTAG), or wt Ub, which contains no target codons. Expression of
ubiquitin-Hisg was performed in the absence (=) or presence (+) of the ncAAs.
Full-length ubiquitin-Hisg was detected in cell lysate from an equal number of
cells with an anti-Hisg antibody. (C) ESI-MS analyses of purified Ub-(11CbzK, 65p-
I-Phe) (black trace) and Ub-(11CbzK, 14CbzK, 57p-I-Phe, 65p-I-Phe) (gray trace),
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expressed in the presence of CbzK and p-I-Phe, as described in (E) and purified
by nickel-nitrilotriacetic acid chromatography. These data confirm the quantita-
tive incorporation of CbzK and p-I-Phe in response to TCG and TAG codons,
respectively. Ub-(11CbzK, 65p-I-Phe), theoretical mass: 9707.81 Da; measured
mass: 9707.40 Da. Ub-(11CbzK, 14ChzK, 57p-I-Phe, 65p-I-Phe), theoretical mass:
10,055.00 Da; measured mass: 10,054.60 Da. (D) The incorporation of three
distinct noncanonical amino acids into TCG, TCA, and TAG codons in a single
gene. Syn61A3(ev4)—containing the IR26PyIRS(CbzK)/AIRNANPY®) o\ pair,
the MmPYIRS/MmtRNA™ g pair, and the AfTyrRS(p-I-Phe)/ARRNATY A0\
pair—were provided with CbzK, BocK, and p-I-Phe. Cells also contained

Ubarac 1itcc.1arca (TCG/TCA/TAG). Expression of this gene was performed in the
absence (=) or presence (+) of the ncAAs. Full-length Ub-(9p-I-Phe, 11CbzK,
14BocK)-Hisg was detected in cell lysate from an equal number of cells with an
anti-Hisg antibody. (E) ESI-MS of purified Ub-(9p-I-Phe, 11CbzK, 14BocK),
theoretical mass: 9820.97 Da; measured mass: 9820.80 Da. Western blot
experiments [(B) and (D)] were performed in five biological replicates with
similar results. The ESI-MS data [(C) and (E)] were collected once.
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Fig. 5. Programmable, encoded synthesis of noncanonical heteropolymers
and macrocycles. (A) Elementary steps in the ribosomal polymerization of
two distinct ncAA monomers [labeled A (dark blue) and B (green)]. All linear
heteropolymer sequences composed of A and B can be encoded from these
four elementary steps. (B) Encoding heteropolymer sequences (noncanonical
monomers are shown as stars). The sequence of monomers in the heteropolymer
is programmed by the sequence of codons written by the user. The identity

of monomers (A and B) is defined by the aaRS/tRNA pairs added to the cell.
Cells can be reprogrammed to encode different heteropolymer sequences from a
single DNA sequence. Sequences were encoded as insertions at position 3 of
SfGFP-His6. Reassignment scheme 1 (r.s.1) uses the MmPyIRS/MmitRNAPY oga
pair to assign AllocK as monomer A and the IR26PyIRS(CbzK)/ARNAANPY®) .\
pair to assign CbzK as monomer B (fig. S7, D and E). r.s.2 uses the MmPyIRS/
MmtRNA™! ¢4 pair to assign BocK as monomer A and an AfTyrRS(p-I-Phe)/
ARRNATY @D . pair to assign p-I-Phe as monomer B. rs.3 uses the IR26PyIRS
(CbzK)/AIVERNASNPYI®) L. pair to assign CbzK as monomer A and the
AfTyrRS(p-I-Phe)/ARRRNATY" O, . pair to assign p-I-Phe as monomer B.

(C to E) Polymerization of the encoded sequence composed of the indicated ncAAs
and the resulting sfGFP-His6 expression in Syn61A3(ev5) were dependent on the
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addition of both ncAAs to the medium. a.u., arbitrary units. (F) ESI-MS of purified
sfGFP-His6 variants containing the indicated ncAA hexamers. BocK/p-I-Phe
(expected mass after loss of N-terminal methionine: 29,172.07 Da; observed:
29,171.8 Da), CbzK/p-I-Phe (expected mass after loss of N-terminal methionine:
29,274.13 Da; observed: 29,274.0 Da), and AllocK/ChzK (expected mass after loss
of N-terminal methionine: 29,091.64 Da; observed: 29,092.2 Da). The ESI-MS
data was collected once. (G) Encoded synthesis of free noncanonical polymers.
DNA sequences encoding a tetramer and a hexamer were inserted between SUMO
and a GyrA intein coupled to a CBD, in Syn61A3(ev5) cells containing the same
pairs as in r.s.1 (B). Expression of the constructs, followed by ubiquitin-like-specific
protease 1 (Ulpl) cleavage and GyrA transthioesterification cleavage, results in
the isolation of free noncanonical tetramer and hexamer polymers. Adding an
additional cysteine immediately upstream of the polymer sequence results in self-
cleavage and release of a macrocyclic noncanonical polymer. (H to J) Chemical
structures and ESI-MS spectra of the purified linear and cyclic AllocK/CbzK
heteropolymers. The raw ESI-MS spectra show the relative intensity and observed
mass/charge ratios for the different noncanonical peptides. The observed
masses corresponding to the expected [M + H]* or [M + 2H]?* ions are highlighted
in bold. Other adducts and fragment ions are labeled relative to these.
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not contain any target codons (Fig. 3B). Thus,
none of the target codons are read by the en-
dogenous translational machinery in Syn61A3.
This further demonstrates that all of the target
codons are orthogonal in this strain.

Upon addition of a ncAA substrate for the
MmPyIRS/MmtRNA™ pair [N®-(tert-butox-
ycarbonyl)-1-lysine (BocK)] (25), ubiquitin
was produced at levels comparable to wild-
type controls (Fig. 3B and data S4). Electro-
spray ionization mass spectrometry (ESI-MS)
and tandem mass spectrometry demonstrated
the genetically directed incorporation of BocK
at position 11 of Ub in response to each target
codon using the complementary MmPylRS/
MmtRNAP vy pair (Fig. 3C and fig. S4A). Ad-
ditional experiments demonstrated efficient
incorporation of ncAAs in response to sense
and stop codons in glutathione S-transferase-
maltose binding protein fusions (fig. S5 and
data S4). We demonstrated good yields of Ub-
Hisg incorporating two, three, or four ncAAs
into a single polypeptide in response to each of
the target codons (data S4; Fig. 3, D to I; and
fig. S4, B to G), and we further demonstrated
the incorporation of nine ncAAs in response
to nine TCG codons in a single repeat protein
(fig. S6). Together, these results demonstrate
that the sense codons TCG and TCA and the
stop codon TAG can be efficiently reassigned
to ncAAs in Syn61A3 derivatives.

Encoding distinct ncAAs in response to
distinct target codons

Next, we assigned TCG, TCA, and TAG codons
to distinct ncAAs in Syn61A3(ev4) using engi-
neered mutually orthogonal aminoacyl-tRNA
synthetase (aaRS)/tRNA pairs that recognize
distinct ncAAs and decode distinct codons
(Fig. 4A and fig. S7). We incorporated two
distinct ncAAs into ubiquitin in response to
TCG and TAG codons (Fig. 4B; fig. S8, A and B;
and data S4) and demonstrated the incorpora-
tion of two distinct ncAAs at four sites in
ubiquitin, with each ncAA incorporated at two
different sites in the protein (Fig. 4, B and C;
fig. S8, C to E; and data S4). We incorporated
three distinct ncAAs into ubiquitin, in response
to TCG, TCA, and TAG codons (Fig. 4, D and E;
fig. S8F; and data S4). We demonstrated the
generality of our approach by synthesizing seven
distinct versions of ubiquitin, each of which
incorporated three distinct ncAAs (figs. S9
and S10 and data S4).

Encoded noncanonical polymers
and macrocycles

For a linear polymer composed of two distinct
monomers (A and B), there are four elemen-
tary polymerization steps (A+B—AB, B+A—BA,
A+A—AA, B+B—BB) from which any sequence
can be composed (Fig. 5A). For ribosome-
mediated polymerization, these four elemen-
tary steps correspond to each monomer acting
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as an aminoacyl-site (A-site) or peptidyl-site
(P-site) substrate to form a bond with another
copy of the same type of monomer or with a
different type of monomer (Fig. 5A). We encoded
each elementary step by inserting TCG-TCG
(encoding AA; we arbitrarily assign monomer
A to the TCG codon in this nomenclature),
TAG-TAG (encoding BB; we assign monomer
B to the TAG codon), TCG-TAG (encoding
AB), and TAG-TCG (encoding BA) at codon 3
of a superfolder green fluorescent protein
(sfGFP) gene. We demonstrated the elementary
steps for three pairs of monomers: A = BocK,
B = (S)-2-amino-3-(4-iodophenyl)propanoic acid
(p-1I-Phe); A = N*-(carbobenzyloxy)-L-lysine
(CbzK), B = p-I-Phe; and A = N*-allyloxycarbonyl-
1-lysine (AllocK), B = CbzK (Fig. 5B and fig.
S11). We genetically encoded six entirely non-
natural tetrameric sequences and a hexameric
sequence for each pair of monomers, as well
as an octameric sequence for the AllocK/CbzK
pair (22 synthetic polymer sequences in total)
(figs. S11 and S12 and Fig. 5, C to E). All en-
coded polymerizations were ncAA-dependent
(figs. S11 and S12B and Fig. 5, C to E), and ESI-
MS confirmed that we had synthesized the
noncanonical hexamers and octamers as sfGFP
fusions (Fig. 5F and fig. S12C). We encoded
tetramer and hexamer sequences composed
of AllocK and CbzK between SUMO (small
ubiquitin-like modifier) and GyrA-CBD (DNA
gyrase subunit A intein-chitin-binding domain)
and purified the free polymers (Fig. 5, G to I; fig.
S13; and data S4). Finally, we encoded the syn-
thesis of a non-natural macrocycle reminiscent
of the products of nonribosomal peptide syn-
thetases (Fig. 5, G and J).

Discussion

We have synthetically uncoupled our strain
from the ability to read the canonical code,
and this advance provides a potential basis for
bioproduction without the catastrophic risks
associated with viral contamination and lysis
(26, 27). We note that the synthetic codon
compression and codon reassignment strategy
we have implemented is analogous to models
proposed for codon capture in the course of
natural evolution (28).

Future work will expand the principles we
have exemplified herein to further compress
and reassign the genetic code. We anticipate
that, in combination with ongoing advances
in engineering the translational machinery of
cells (4), this work will enable the program-
mable and encoded cellular synthesis of an
expanded set of noncanonical heteropoly-
mers with emergent, and potentially useful,
properties.
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HIGH PRESSURE

Establishing gold and platinum standards to
1 terapascal using shockless compression

D. E. Fratanduono®*, M. Millot!, D. G. Braun®, S. J. Alil, A. Fernandez-Paiiella’, C. T. Seagle?,
J.-P. Davis?, J. L. Brown?, Y. Akahama’, R. G. Kraus!, M. C. Marshall, R. F. Smith’, E. F. 0'Bannon III},
LM

McNaney?, J. H. Eggert!

New techniques are advancing the frontier of high-pressure physics beyond 1 terapascal, leading to new
discoveries and offering stringent tests for condensed-matter theory and advanced numerical methods.
However, the ability to absolutely determine the pressure state remains challenging, and well-calibrated
pressure-density reference materials are required. We conducted shockless dynamic compression
experiments at the National Ignition Facility and the Z machine to obtain quasi-absolute, high-precision,
pressure-density equation-of-state data for gold and platinum. We derived two experimentally

constrained pressure standards to terapascal conditions. Establishing accurate experimental determinations
of extreme pressure will facilitate better connections between experiments and theory, paving the way
toward improving our understanding of material response to these extreme conditions.

xtreme pressure conditions are known to
fundamentally change bonding, crystal
structures, and transport properties. In
the terapascal range (1 TPa = 10 Mbar =
10 million atmospheres), these changes
give rise to exotic physical properties, includ-
ing pressure-induced insulator-to-metal phase
transitions [metallic hydrogen (7, 2)], electride
structures (3, 4) [insulating sodium (5)], super-
ionicity [proton conductivity in water (6)],
and room-temperature superconductivity (7, 8).
Recent improvements in experimental capabil-
ities in static compression (9-16) and dynamic
compression (I, 2, 6, 17) have made these ex-
treme pressures more readily accessible, open-
ing up the exploration of material properties
under these conditions. These exciting discov-
eries (1, 2, 4, 6-8) and new theoretical pre-
dictions (3, 18, 19) of material behavior at
extreme conditions motivate access to these
ultrahigh pressures and beyond.
Characterizing materials at extreme pres-
sures is often accomplished through x-ray
diffraction (10-16), neutron scattering (20, 21),
or optical techniques (7, 2, 6, 17). However,
accurately determining the pressure in static
experiments at high pressure (22) is demand-
ing because of the small sample sizes, potential
pressure gradients, and substantial anvil-gasket
friction that results in a deviation between the
external load on the anvil and the internal
pressure of the cell. These studies instead rely
on reference materials to act as pressure gauges
(standards) (23). Equation-of-state (EOS)
standards are calibrated by means of direct
pressure-density measurements using several
types of experiments and have been limited
to pressures below ~0.450 TPa. At terapascal
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conditions, the material response of these
standards have been determined through
extrapolation of the low-pressure behavior,
and these extrapolations have errors of >10%
near 1 TPa at room temperature (298 K) (24, 25).
Discrepancies are very apparent when differ-
ent standards are compared with each other
(26) and when those standards are used at
elevated temperatures. Therefore, reliable pressure
standards at terapascal conditions are needed
for comparing data from different experimen-
tal approaches and to better connect experi-

ments to theoretical models and advanced
numerical simulations.

Ultrafast shockless dynamic compression

The shock compression of dense materials has
a long history of providing high-precision,
absolute pressure-density measurements (27).
Symmetric impacts allow the measurement of
pressure, density, and internal energy of the
shocked state independent of a reference mate-
rial. The most common high-pressure standards
are derived from these shock-wave experiments.
(28, 29). The early development of the ruby
luminescence pressure scale up to 20 GPa was
benchmarked to the sodium chloride (NaCl)
EOS by using shock data to validate its ac-
curacy (28, 30). Similarly, the first-order Raman
spectra of diamond anvils (31) were inves-
tigated at high pressures to develop an optical
method for pressure determination. The widely
used diamond Raman scale (31) is anchored to
the platinum (Pt) shock EOS (27).

In practice, most static compression expe-
riments, theoretical models, and numerical
simulations correspond to an isothermal com-
pression path, usually at 298 K for experiments
and 0 K in quantum simulations, whereas shock
compression realizes an irreversible, adiabatic
compression path. The Rankine-Hugoniot equa-
tions (27) show that shock compression to a
given pressure (Pp) achieves a change in density
(pp) but also an increase in internal energy
greater than the isentropic compression work
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Fig. 1. The phase diagram of platinum. Five different dynamic compression pathways, each achieving a peak
pressure state of 600 GPa, are shown. The room-temperature isotherm (the fundamental thermodynamic path
used in the development of wide-ranging EOS models) is also shown. Under single-shock compression, a single
end state along the principal Hugoniot is achieved. As more intermediate dynamic shock states are added, a
higher-density and lower-temperature end state is achieved (more work is put into compression and less into
waste heat). In the limit of an infinite number of weak shocks, the dynamic compression pathway approximates
the principal isentrope. Because of thermal effects in dynamic compression experiments, a single shock to

600 GPa can be used to constrain the isotherm to only 440 GPa. This is observed by following lines of constant
density (isochores) from the shock state to the isotherm. In ramp-compression experiments, the systematic
correction to reduce the dynamic compression measurements to the isotherm are less than shock compression,
making ramp compression a better technique to constrain the isotherm.
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to the same density. This additional energy raises
the temperature of the shock-compressed mate-
rial to a given shock temperature (7%). Shock
compression and heating are therefore inse-
parable, and the locus of possible shock states
is a curve in the pressure-density-temperature
space called the Hugoniot (Fig. 1, dotted line).
As a consequence of shock heating, the pres-
sure required to reach a certain density p by
using shock compression will be greater than
the pressure needed using isothermal com-
pression by an amount called the thermal
pressure (Py,). For example, following the
isochore (Fig. 1, gray line of constant density)
from the single shock state at 600 GPa and
16,000 K to P = 440 GPa where it intersects
the 298 K isotherm, the thermal pressure
contribution from shock compression results
in a ~25% pressure difference between the
Hugoniot and the isotherm. The amount of
shock-induced heating depends on material-
specific properties and on the initial state of
the system (P, po, Tp). Fundamentally, dense
and stiff materials stay much colder than light
and compressible materials for a given shock
pressure. For example, at 200 GPa, the single
shock temperature of Pt is less than 4000 K,
but water reaches almost 15,000 K (32).

To define a high-pressure standard, shock
P — p data are often used to estimate the room-
temperature isotherm. This requires thermody-
namics modeling and additional, experimentally
or numerically determined, values such as the
specific heat or the Griineisen parameter. As
long as the heating is moderate and the thermal
pressure remains much smaller than the shock
pressure (a few percent of the shock pressure),
the uncertainty of the systematic correction
between the Hugoniot and the 298 K isotherm
is less than the experimental uncertainty, yield-
ing a high-accuracy isotherm. Shock com-
pression of dense metals were therefore suitable
to define high-pressure standards up to a
few hundred gigapascals, but this becomes
inadequate at higher pressure as the thermal
pressure corrections diverge, and the latent
heat of melting adds additional uncertainties.

For a fixed peak pressure, dividing the shock
compression into multiple intermediate shock
states is an effective way to reduce the shock-
induced heating. We illustrate this with the
compression paths to 600 GPa when using
single-, double-, triple-, and quadruple-shock
compression (Fig. 1). As the number of inter-
mediate shocks increases, a greater portion
of the internal energy is partitioned into pressure-
volume work, and less energy is partitioned into
waste heat, resulting in a higher-density, lower-
temperature end state. In the limit of an infinite
number of shocks, the amplitude of each shock
approaches zero, and the multishock compres-
sion path becomes equivalent to shockless,
isentropic compression. When compared with
the 298 K isotherm, the pressure along the
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Fig. 2. The ramp-compression technique. In shockless compression experiments, a series of wavelets (gray lines)
are carefully generated by a laser-driven piston. Increasing the applied piston pressure results in a steepening

of these wavelets (called “characteristics”). The piston drive is carefully tailored so that the characteristics

do not intersect over the duration of the experiment. In these experiments, we measured the speed of multiple
material elements (shown as red, green, and yellow cubes). By measuring the element or particle velocity as a
function of time [U,(t)], and knowing the relative initial positions, we are able to determine the Eulerian speed of
these characteristics (Cg). Using the measured Ce(U,) relationship and the known identities (Riemann invariants), we
can determine the material pressure (P) and density (p) states accessed throughout the experiment.

isentrope at 600 GPa differs by only 6 GPa,
providing a thermodynamic pathway that is
far closer to the room-temperature isotherm
than single-shock-wave experiments. In this
work, we describe how the technique of shock-
less ramp compression eliminates the funda-
mental limitation of the shock heating and
offers an alternative method to establish high-
pressure standards to terapascal conditions.
To minimize the thermal pressure corrections
required to reduce the experimentally measured
pressure to the isothermal pressure, dense and
stiff materials are desirable. We chose gold (Au)
and Pt, which are widely used reference mate-
rials because of their simple crystal structure,
good x-ray scattering efficiencies, malleability,
and phase stability along the room-temperature
isotherm.

Using lasers and pulsed power to ramp
compress Au and Pt

The culmination of multiple decades of tech-
nological developments (17, 33-35) allowed us
to perform high-precision, shockless ramp-
compression experiments, which represent a
close approximation to isentropic compres-
sion up to terapascal pressures. We describe
how these experiments yield quasi-absolute
P — p data suitable for a terapascal pressure
standard and establish a new isothermal com-
pression reference for Au and Pt to 1 TPa.
Shockless compression requires precise con-
trol over the applied loading pressure (Fig. 2).
Driven in a precisely controlled way by a laser
or pulsed-power source, a gradually accelerat-

ing piston applies an increasing pressure and
sends into the sample a series of compression
(acoustic) waves of increasing amplitude. These
wavelets propagate through the material at
the speed of sound, along straight lines (called
characteristics) in the Eulerian (laboratory)
position-time diagram. Characteristics emerg-
ing from states of increasing compression be-
come shallower because the slope is proportional
to the summation of the particle speed and
the Eulerian sound speed. Because the speed
of sound usually increases with compression,
ramp-compression loading is inherently unstable
and leads to shock formation. If the piston ac-
celerates too rapidly, characteristics could poten-
tially cross, leading to the undesirable formation
of a shock wave. However, using an educated
guess for the pressure dependence of the sample’s
sound speed, we can precisely tune the rate
of piston acceleration (that is, the temporal
shape of the compression pulse) to delay the
shock formation until after the experiment
is over. We were able to compress Au and Pt
samples to terapascal pressure in less than
30 ns using laser drivers (Fig. 2) or in hundreds
of nanoseconds using pulsed-power drivers.

To extract the compressibility of the mate-
rial, the particle velocity must be measured as
a function of time [U(?), where ¢ is time and
U, is the particle velocity] for at least two
material elements separated by an initially
known distance (Ax) (Fig. 2). The speed of the
“sound waves” (slope of the characteristics,
Ax/At) is extracted through simple geomet-
ric means. Once we determined the slope of
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Fig. 3. Schematic of the
NIF experimental design.
The NIF facility accesses
high-pressure conditions by
generating high-energy-
density states within a small
volume. Using the NIF, we
shine 172 beams into a gold
hohlraum (a gold can),
whose cross section is
smaller than that of a U.S.
dime. The optical 351-nm
light ablates the interior of
the hohlraum, generating an
x-ray bath that ablates the
physics package mounted
on the equator. We carefully
tune the laser pulse energy
as a function of time to
generate a smooth
increasing ablation pressure
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on our physics package (a 20-um copper ablator with a diamond-turned multistepped Au or Pt sample). The ablation pressure generates a compression wave that propagates
through the sample. Using a spatially resolving velocimeter, we measured the arrival of time of the compression waves and the corresponding acceleration of each step of the sample.

the characteristics, we then extracted the ma-
terial sound speed as a function of particle
velocity. We then integrated the sound speed
as a function of particle velocity to extract the
absolute pressure-density EOS information
along the ramp-compression path. In our
experiments, wave interactions at material in-
terfaces further complicate the characteristics
analysis and require a more detailed analysis
(17, 33-35). This overall strategy is similar to the
principles used in absolute Hugoniot flyer-plate
measurements in that the particle velocity is
determined from a measurement of the flyer-
plate speed, and the shock velocity (akin to
the sound speed) is determined from a transit
time measurement through a known thick-
ness (27).

We used the National Ignition Facility (NIF)
to ramp compress Au and Pt (17). Using 172
laser beams, we coupled up to 500 kJ of laser
energy over 30 ns into a 11- by 6-mm Au cyl-
inder (hohlraum) to create a temporally con-
trolled pressure source. Laser ablation of the
Au cylinder walls converts the 351-nm laser-
light into an x-ray bath with a radiative tempe-
rature 7, ~200 eV. X-ray ablation of a copper
(Cu) layer mounted on the equator of the
hohlraum drives compression waves, with abla-
tion pressure scaling approximately as 7; to the
3.5 power. The Cu compression waves propagate
into the Au or Pt samples (Fig. 3), compressing
them to high pressure. High precision in the
delivery of a tailored laser-power pulse shape
is essential to finely control the time-dependence
of T, and successfully achieve shockless ramp
compression of the sample. Beam smoothing,
power balance, and power accuracy among the
172 beams are essential to create a uniform pres-
sure source across the 3.2-mm-diameter ablator.

SCIENCE sciencemag.org

On the NIF, we conducted three experiments
on Au and four experiments on Pt (26).

‘We also used the Z pulsed-power accelerator
at Sandia National Laboratories (33, 35)
to magnetically drive uniaxial compression
waves to compress Au and Pt samples (26).
The Z accelerator produces a ~700-ns tem-
porally shaped ~20 MA current pulse that flows
along the surface of Cu electrodes. The current
pulse creates a time-varying magnetic field, and
the interaction of the magnetic field with the
current flux produces a time-varying force on
the Cu electrodes that is propogated to the sam-
ple. On the Z machine, we conducted one experi-
ment on Au and three experiments on Pt (26).

The NIF and the Z machine each provide
specific benefits to constraining the EOS. The
large sample sizes and longer time scales al-
lows the Z machine to produce higher-accuracy
measurements to ~400 GPa (35). The smaller
sample size and higher available energy for
compression enables the NIF to achieve pressure
states of up to 5 TPa (34). Because the precision
at the highest-pressure states is dependent
on lower-pressure measurements (uncertain-
ties integrate), combining the individual advan-
tages of these two high-energy-density facilities
enabled us to tightly constrain the material
response of Au and Pt to terapascal condi-
tions (26).

Measuring the velocity history of multiple
material elements is key to determining the
evolution of the sound speed in the sample
and obtaining absolute pressure-density in-
formation along the ramp-compression path.
Both the NIF and the Z machine used a velocity
interferometer system for any reflector (VISAR)
diagnostic to determine the interface velocities.
Our NIF samples were precisely machined into

four-step profiles, and we recorded the free-
surface velocity history Ui (t) for each step of
thickness d (Fig. 3) with line-imaging VISAR.
On the Z machine, the rectangular samples
of thickness ranging from ~0.60 to ~1.6 mm
were mounted onto a solid Cu electrode. A
stripline geometry was used in which the
free-surface velocity histories of step pairs were
measured with multiple-point VISAR probes.
Combining the velocity histories and the known
thicknesses of the steps, we established the
speed of the successive compression waves as
a function of their amplitude. Achieving the
level of accuracy on the sound speed measure-
ments needed to establish a high-pressure
standard requires great care for the machining
and metrology of the steps, for the velocimetry
measurements, and for the data analysis
process. For the NIF samples, the steps are
diamond-turned to achieve a ~10-nm root-mean-
square surface roughness, and their step heights
(ranging from 60 to 90 pm) were measured to
better than 50 nm (~500 atomic spacings) by
means of optical interferometry. For the Z
machine, each sample was diamond milled,
and the thicknesses were measured to an
accuracy of ~3 um. Typical accuracy for the
velocimetry measurements for each facility
are better than ~30 m/s in velocity and ~30 ps
in timing (~200 ps for the Z machine).

In our work, the velocity interferometer
tracks the individual motion of material at the
rear surface of the target, obtaining measure-
ments in the Lagrangian reference frame. A
more natural and simpler analysis approach
is to transform the wave equations from the
Eulerian (laboratory) frame of reference (Fig. 2)
to a Lagrangian (material) frame through the
transformation pCg = poCr, and pdx = podh,
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where C is the Eulerian sound speed, C; is the
Lagrangian sound speed, % is the Lagrangian
coordinate, and p, is the ambient density. In
this frame of reference, we used a non-
iterative characteristics-based method (36)
to correct for the compression wave reflection
off the free surface of the target while applying
a Lagrangian analysis to determine the sound
speed as a function of particle velocity [Ci(Up,)].
Because of material strength and plastic work
heating, we actually measured the longitu-
dinal stress-density response. We obtained
the longitudinal stress from the Riemann
invariant o, = pOICLdUp and the density
p= Po/(l - IdUp/CL)'

Determination of Au and Pt isotherms

We iteratively applied a series of corrections to
reduce the longitudinal stress-density meas-
urements to the hydrostatic pressure-density
principal isentrope from which we derived
the 298 K (principal) isotherm (26). We used
thermodynamic modeling to estimate the am-

plitude of deviatoric stress offsets, contribu-
tions to thermal pressure owing to the initial
weak shock (~20 GPa) present in our NIF ex-
periments, and plastic work heating owing
to the material strength to determine an
equivalent isentropic pressure-density re-
sponse (17, 35). Further modeling of the
isentropic thermal contribution allows us
to obtain the absolute pressure-density re-
sponse along the 298 K isotherm (26). For
materials that exhibit complex physical prop-
erties, it has been shown that compression
rates and time-dependent material response
(such as strength and phase transition effects)
can modify the isentrope. In these experi-
ments, we saw no difference in the material
response despite the 10x differences in strain-
rate between the Z machine and the NIF,
which is similar to previous observations on
other simple metals (35, 36). The consistency
between NIF and Z is likely due to the fact that
Au and Pt are closely packed, high-density metals
with low strength and no low-temperature
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Fig. 4. The EOS of Au and Pt. The pressure-density response of Au and Pt to pressures in excess of 800 GPa are
shown. (Top) The measured stress (cyan), reduced isentrope (purple), and the 298 K reduced isotherms (blue) are
shown. The error bars represent 1o standard deviation of multiple measurements collected and averaged into a single
result. Existing density function theory (DFT) and semi-empirical models are shown as gray and red lines, respectively, with
shaded regions indicating the extrapolation bounds of those models. Shock-wave data (black symbols) (27, 38, 40) and
static data (red symbols) (39, 41-46) are shown. (Bottom) lllustration of the uncertainty in our reduced isotherm (blue), the
magnitude of our corrections to reduce the stress measurements to the isotherm (cyan), the magnitude of shock-wave-
reduced isotherm corrections (black dashed line), and the residual from our Vinet fit (solid red line).

|
Table 1. Vinet parameters. The Vinet fit parameters for the 298 K isotherm of Au and Pt.

Au Pt
po(g/cm®) 19.32 21.45
Vo(A%/at) 16.929 15102
Kot 170.9 (+0.24) 259.7 (+0.16)
Kor 5.880 (+0.005) 5.839 (+0.003)
1066 4 JUNE 2021 « VOL 372 ISSUE 6546

phase transitions. A reduced isotherm for mate-
rials that show no strain-rate response is in-
creasingly important as techniques with different
strain rates continue to evolve and result in
different observations due to complex behav-
ior (1, 2, 37). We performed a weighted average
of the reduced isentrope for the NIF and Z
data. At 800 GPa, the pressure correction at a
fixed volume between the ramp-compression
curve and the reduced isotherm amounts to
a15.7-GPa correction for Au (1.9% of the total
pressure) and a 28.4-GPa correction for Pt
(8.5% of the total pressure). The uncertainty
associated with these corrections, when added
in quadrature with the experimental uncer-
tainties, contribute negligibly to the total (26).
We found that for Au and Pt at 800 GPa, the
relative standard deviations are 5.0 and 3.9%,
respectively, which is a notable accuracy given
the extreme condition of the measurement
(pressure approximately two to three times
greater than that in the center of the Earth).

We compared our averaged stress measure-
ments, reduced isentrope, and 298 K isotherm
for both Au (Fig. 4, left) and Pt (Fig. 4, right)
with static compression experiments, including
diamond anvil cell (DAC) data. Discrepancies
between DAC data and our measurements
were attributed to the pressure standard used
in the DAC work. The lower plots in Fig. 4 il-
lustrate the improvements in precision when
using ramp compression to constrain the iso-
therm compared with shock measurements. We
compared the magnitudes of the thermody-
namic corrections applied to reduce Hugo-
niot (Fig. 4, black dashed line) and isentropic
measurements (Fig. 4, cyan line) to the room-
temperature isotherm. In our ramp experiments,
the magnitude of the theoretical corrections is
less than or comparable with the uncertainty
in the experimental measurements for Au
and Pt, respectively. For shock-wave mea-
surements, above ~200 GPa the theoretical
corrections and associated systematic errors
dominate the uncertainties.

DACs with double-stage anvils (9, 10, 14, 16)
and toroidal anvils (12, 13, 15) have accessed
pressure states two to three times higher than
states obtained in conventional DACs, which
is a large advance in the accessible pressure
range for static compression. Double-stage anvil
experiments reported pressures in excess of
1.0 TPa in Au (9) on the basis of isotherm
extrapolations of about two times in pressure
beyond the shock experimental constraint (38).
Using our experimentally constrained Au iso-
therm to 1.1 TPa and the highest measured Au
volume in static compression experiments (9),
we determined a peak pressure of 0.937 TPa,
which is 12% lower than estimates based on
previous isotherm extrapolations (1.065 TPa)
(38). Such disagreement between model extra-
polations and experimental measurements
to terapascal conditions exemplifies the need
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Fig. 5. The high-
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for more robust high-pressure scales, especially
because the pressure-density conditions for the
onset of complex physics behaviors are used to
test theoretical predictions (75).

Our determinations of the isothermal com-
pressibility of Au and Pt allowed us to compare
the density of Au and Pt at a given pressure (Fig.
5). This allows comparison with high-pressure
DAC experiments that simultaneously mea-
sured Au and Pt densities (Fig. 5) (11, 39). The
agreement between our isotherms reduced
from dynamic measurements with static mea-
surements demonstrates the viability of our
reference isotherms to 800 GPa. The remaining
differences between the static and dynamic
measurements may be attributed to nonhydro-
static conditions, pressure gradients (I6), or
differences in material response at high strain
rates (36). The excellent agreement between
results at different time scales (static DAC,
~10° s; the Z machine, ~10~"s; and NIF, ~10 % s)
give us some confidence in assuming that
laboratory-based experiments are relevant for
the much slower rates characteristic of plan-
etary interior evolution (~10* to 10'° s).

We propose our quasi-absolute isothermal
data as a robust basis for pressure determi-
nation from volume measurements in DAC
experiments. To this end, we fitted our data
to the Vinet EOS and provide fit parame-
ters for the Au and Pt 298 K isotherms in
Table 1. The Vinet fitting form is P(X) =

3Ko.r(1 — X)X 2e[t5(Kor1)0-X)] where X =
1/3
<%") , Po is the ambient density, K, 7 is the
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isothermal bulk modulus, and K'o,T is the
isothermal bulk modulus pressure derivative.
Free parameters in the fit to the data are Ko 1
and K ’0>T (Table 1). Fits to the Vinet equation
provide a convenient way of tabulating and
interpolating the reduced isotherms, but this
form of the EOS should not be used to extra-
polate beyond the region of the data. Fits to
different functional forms and their covar-
iance matrices are provided in the supplemen-
tary materials (26). We recommend using our
isotherm over the entire pressure range mea-
sured in these experiments.

We provide an update to the first-order
Raman spectra of diamond anvils bench-
marked to our Pt isotherm (26). As suggested
by Akahama and Kawamura (31), we performed
a weighted fit to the corrected Raman frequency
change as a function of pressure data below
300 GPa to the functional form P(GPa) =
530.77(+17) 22 1 753.83(+56.9) (22) *, where 4
is the relative Raman frequency ¢hange and
o is the edge frequency at ambient pressure
(1334 cm™). For the high-pressure data (P >
200 GPa), our weighted fit to the corrected
Pt EOS data are P(GPa) = 199,49(+89.4) —
852.78(+529) % +- 3103.8(+776) (%m) g

The application of extreme pressures to
materials has been shown to give rise to exotic
physical properties (insulator to metal phase
transition, electride structures, superionicity,
and superconductivity). In planetary science
and high-pressure mineral physics, scientists
aim to accurately link the composition and
temperature of the planetary cores to fun-

damental high-pressure laboratory measure-
ments. As new experimental techniques enable
even higher-pressure conditions to be achieved
within the laboratory, more accurate links be-
tween experimental measurements, theory, and
simulations are required. Absolute, experimen-
tally benchmarked extreme-pressure scales
are critical for comparing high-pressure expe-
riments with theoretical models, as well as
comparing measurements produced in dif-
ferent laboratories or by different means. We
present the first high-accuracy, high-pressure
calibrations of Au and Pt isotherms to terapascal
pressures. We provide Vinet fits to terapascal
conditions and an update to the first-order
Raman spectra of diamond. Altogether, our
measurements provide high-accuracy standards
anchored to quasi-absolute measurements,
without the need to rely on a particular theo-
retical framework or simulation method. We
hope that this will enable new exciting discoveries
at the science frontier and will contribute to a
better understanding of material properties.
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NEURODEVELOPMENT

Reciprocal repulsions instruct the precise assembly
of parallel hippocampal networks

Daniel T. Pederick’, Jan H. Lui', Ellen C. Gingrich'?, Chuanyun Xu®, Mark J. Wagner*, Yuanyuan Liu3T,

Zhigang He®, Stephen R. Quake*®, Liqun Luo*

Mammalian medial and lateral hippocampal networks preferentially process spatial- and object-related
information, respectively. However, the mechanisms underlying the assembly of such parallel networks during
development remain largely unknown. Our study shows that, in mice, complementary expression of cell surface
molecules teneurin-3 (Ten3) and latrophilin-2 (Lphn2) in the medial and lateral hippocampal networks,
respectively, guides the precise assembly of CAl-to-subiculum connections in both networks. In the medial
network, Ten3-expressing (Ten3+) CAl axons are repelled by target-derived Lphn2, revealing that Lphn2- and
Ten3-mediated heterophilic repulsion and Ten3-mediated homophilic attraction cooperate to control precise
target selection of CAl axons. In the lateral network, Lphn2-expressing (Lphn2+) CA1 axons are confined to
Lphn2+ targets via repulsion from Ten3+ targets. Our findings demonstrate that assembly of parallel
hippocampal networks follows a “Ten3—Ten3, Lphn2—Lphn2” rule instructed by reciprocal repulsions.

arallel information processing is a salient
feature of complex nervous systems. One
example is the mammalian hippocampal-
entorhinal network, which is essential for
explicit memory formation and spatial
representation (7-4). Spatial- and object-related
information are preferentially processed by the
medial and lateral hippocampal networks, re-
spectively (5, 6). In the medial network, proxi-
mal CAl axons project to the distal subiculum
(Fig. 1A, cyan), and both proximal CAl and the
distal subiculum also form reciprocal connec-
tions with the medial entorhinal cortex. In the
lateral network, distal CAl axons project to the
proximal subiculum (Fig. 1A, yellow), and both
distal CAl and the proximal subiculum form
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reciprocal connections with the lateral entorhi-
nal cortex (7, 8) (fig. S1A).

‘We previously showed that the type II trans-
membrane protein teneurin-3 (Ten3) has match-
ing expression in all interconnected regions of
the medial hippocampal network (9). Ten3 is
required in both proximal CAl and the distal
subiculum for target selection of the proximal
CAl—distal subiculum axons, and it promotes
aggregation of nonadhesive cells (9). These
data support a homophilic attraction mecha-
nism by which Ten3 regulates target selection
in the medial hippocampal network. It remains
unclear whether matching gene expression
exists in the lateral hippocampal network
and how this contributes to parallel hippo-
campal network assembly.

Complementary Lphn2/Ten3 expression
across parallel hippocampal networks

We hypothesized that cell surface molecules
with expression patterns inverse to those of
Ten3, and therefore enriched in the lateral
hippocampal network, may play a role in the
precise assembly of parallel hippocampal net-
works. To identify such genes, we performed
fluorescence-activated cell sorting-based single-
cell RNA sequencing of postnatal day 8 (P8)

excitatory neurons that express vesicular gluta-
mate transporter 1 in subregions of the medial
or lateral networks (figs. S1 and S2). Among cell
surface molecules that are differentially ex-
pressed in CA1 and the subiculum (fig. S3A), we
identified latrophilin-2 (Lphn2), an adhesion G
protein-coupled receptor known to bind
teneurins (10-15), which showed expression
inverse to that of 7en3, not only in CA1 and the
subiculum but also in the entorhinal cortex
(Fig. 1B, fig. S4A, and table S1). Other teneurin
and latrophilin family members did not dis-
play such differential expression (fig. S3, B
and C).

Double in situ hybridization for Lphn2 and
Ten3 mRNA in the P8 mouse brain revealed
preferential expression of Lphn2 in distal CAl,
the proximal subiculum, and the lateral ento-
rhinal cortex, complementary to 7en3 enrich-
ment in proximal CAl, the distal subiculum, and
the medial entorhinal cortex (Fig. 1, C and D,
and fig. S4, B and C). We also examined protein
expression by using an anti-Ten3 antibody (9)
and an anti-green fluorescent protein (GFP)
antibody in Lphn2-mVenus knock-in mice
(16). In all regions, Lphn2 and Ten3 proteins
were expressed in the synaptic layers corre-
sponding to their mRNA expression, includ-
ing the molecular layer of CAl, the cell body
and molecular layers of the subiculum, and
layer III of the entorhinal cortex (Fig. 1, E and
F, and fig. S4, D and E). Thus, Lphn2 and Ten3
mRNA, as well as Lphn2 and Ten3 proteins,
exhibit complementary expression in multiple
regions of the developing hippocampal net-
works, including CA1, the subiculum, and the
entorhinal cortex (fig. S4F). In all cases, the
connection specificity follows a “Ten3—Ten3,
Lphn2—Lphn2” rule that correlates cell sur-
face molecule expression with connectivity.

In the rest of this study, we focused on the
target selection of CAl—subiculum axons to
investigate the developmental mechanisms
by which the “Ten3—Ten3, Lphn2—Lphn2”
rule is established. Ten3+ and Lphn2+ CAl
axons extend along a tract above the subicu-
lum cell body layer until they reach the Ten3+
distal subiculum and Lphn2+ proximal subic-
ulum, respectively, where they invade the cell
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body layer of the subiculum to form synapses
(9) (fig. S5). Lphn2 and Ten3 proteins were
first detected in subiculum targets (by P2) and
displayed increasing expression in CAl in sub-
sequent days. By P8, the highest levels of Lphn2
and Ten3 in CAl and the subiculum are com-
parable (fig. S6). This increase in expression
coincides with the timing of target selection
of CA1 axons in the subiculum (9).

Subiculum Lphn2 repels Ten3+ CAl axons

Ten3 directs axon targeting in the medial hip-
pocampal network through matching expres-
sion and homophilic attraction (9). Does Lphn2
also mediate homophilic attraction to assemble
the lateral hippocampal network? To test this,
we performed an in vitro cell aggregation assay
using nonadhesive K562 cells. We confirmed
that Ten3-expressing K562 cells formed aggre-
gates, as previously reported (9), but found that
Lphn2-expressing cells did not (fig. S7, A and
B). However, Ten3-expressing cells aggregated
with Lphn2-expressing cells (fig. S7, A and B),
consistent with the previously reported heter-
ophilic interaction between teneurins and
latrophilins (10-15). The heterophilic interac-
tion of Ten3 and Lphn2, combined with their
complementary expression in the medial ver-
sus lateral hippocampal network, suggests that
the interaction between Lphn2 and Ten3 may
result in repulsion, which could allow distinct
target selection of axons in the medial and
lateral hippocampal networks.

The CAl—subiculum projection develops post-
natally (9), so we injected lentivirus expressing
GFP (control) or GFP-P2A-Lphn2 into the Lphn2-
low distal subiculum of mice at PO to create a
region of the subiculum expressing Lphn2 across
the entire proximal-distal axis. We then injected
adeno-associated virus expressing membrane-
bound mCherry (A4V-mCh) into proximal CA1
in these same mice as adults to label and trace
Ten3+ CAl axons (Fig. 2, A and B). The portion of
the subiculum transduced by lentivirus was only
a subset of the total proximal CAl axon targeting
region along the orthogonal medial-lateral axis,
allowing us to determine whether proximal CA1
axons target lentivirus-transduced subiculum
regions differently compared with neighboring
non-lentivirus-transduced subiculum regions.

To visualize the relationship between Ten3+
axon projections and ectopically expressed
GFP-Lphn2 in the subiculum, we plotted signal
intensity from proximal CA1 axons (mCh) and
the lentivirus injection site (GFP) on the same
subiculum graph as color and height, respec-
tively. Expression of GFP alone did not affect
the intensity of proximal CAl axons in the
subiculum target (Fig. 2C and fig. S8, A to C).
However, proximal CAl axon intensity was
reduced in distal subiculum regions ectop-
ically expressing Lphn2 (Fig. 2D and fig.
S8, D to F; quantified in Fig. 2G). These data
suggest that Ten3+ axons are repelled by ecto-
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Fig. 1. Complementary expression patterns of Lphn2 and Ten3 in the hippocampal network. (A) Summary
of connection patterns of medial (cyan) and lateral (yellow) hippocampal networks. pCAl and dCAl,
proximal and distal CAL; pSub and dSub, proximal and distal subiculum. (B) Violin plots highlighting

Lphn2 and Ten3 expression in Ten3-HIGH and Ten3-NONE cells in CAl and the subiculum. The unit of
expression level is In[1+ (reads per 10,000 transcripts)]. (C) Double in situ hybridization for Lphn2
(middle) and Ten3 (bottom) mRNA on a sagittal section of P8 mouse brain. Solid lines represent boundaries
between CAl and the subiculum, as labeled in the overlay (top). DAPI, 4',6-diamidino-2-phenylindole.

(D) Quantification of Lphn2 and Ten3 mRNA across the proximal-distal axis of CAl and subiculum cell body
layers (n = 3 mice). Means + SEMs are shown. (E) Double immunostaining for Lphn2 (middle; anti-GFP
antibody) and Ten3 (bottom) on a sagittal section of P8 Lphn2-mVenus knock-in mouse (16) brain. Solid lines
represent boundaries between CAl and the subiculum, as labeled in the overlay (top). The region between
the dashed lines is the molecular layer. (F) Quantification of Lphn2 and Ten3 protein across the proximal-distal
axis of molecular layers of CAl and the subiculum (n = 3 mice). Means + SEMs are shown. Scale bars in (C)
and (E), 200 um. Axis labels in this and all subsequent figures: A, anterior; P, posterior; D, dorsal; V, ventral.

pically expressed Lphn2 at the distal subicu-
lum target.

Repulsion requires Lphn2/teneurin but not
Lphn2/FLRT interaction

To test whether Lphn2-mediated repulsion re-
quires Lphn2 and Ten3 (Lphn2/Ten3) inter-
action, we used a deletion of the lectin binding

domain in latrophilins, which has been shown
to abolish teneurin binding without affecting
cell surface expression or interactions with
other known partners (712-15). In our K562 cell
aggregation assay, we validated that Lphn2_
ALec disrupted Ten3 interaction without af-
fecting interaction with FLRT2 (fig. S7, C and
D), a member of the fibronectin leucine-rich
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Fig. 2. Ten3+ proximal CAl axons avoid the distal subiculum ectopically expressing Lphn2 in a
Lphn2/teneurin interaction-dependent and Lphn2/FLRT interaction-independent manner. (A and

B) Experimental design and summary of results. LV, lentivirus; AAV-mCh, adeno-associated virus expressing
membrane-bound mCherry as an anterograde tracer. (C to F) Representative mountain plots showing
normalized GFP fluorescence intensity as color (LV expression) and normalized mCh fluorescence intensity
as height (proximal CAl axon projections) in the subiculum. P, proximal; D, distal; M, medial; L, lateral.
(G) Ratio of mCh fluorescence intensity of GFP+ versus GFP- regions. LV-GFP, n = 5 mice; LV-GFP-P2A-
Lphn2 (wild-type Lphn2), n = 5 mice; LV-GFP-P2A-Lphn2_ALec (Lphn2 that does not bind teneurins),

n =5 mice; and LV-GFP-P2A-Lphn2_4A (Lphn2 that does not bind FLRTs), n = 6 mice. Means + SEMs are
shown; one-way analysis of variance (ANOVA) with Tukey's multiple comparisons test was performed.
**¥*p < 0.000L; ***P < 0.00L; **P < 0.01; *P < 0.05; ns, not significant.

transmembrane protein family known to bind
latrophilins (71, 17). We then ectopically ex-
pressed Lphn2 AlLec in the subiculum to deter-
mine whether proximal CAl axon avoidance
depends on a Lphn2/teneurin interaction. We
found that in brains ectopically expressing GFP-
P2A-Lphn2_ALec, Ten3+ proximal CAl axons
no longer avoided Lphn2_ALec-expressing re-
gions in the distal subiculum (Fig. 2E and fig.
S9, A to C; quantified in Fig. 2G).

FLRTs interact with teneurin and latrophilin
to direct synapse specificity and repulsive guid-
ance for migrating neurons (14, 15). Expression
of Firt2 was enriched in Ten3-high CA1 cells (fig.
S3D), suggesting that it may play a role in the
repulsion of proximal CA1 axons by target-derived
Lphn2. Mutation of four residues in the olfacto-
medin domain of latrophilin to alanines abolishes
FLRT-Lphn binding while maintaining cell sur-
face expression and teneurin binding (I8). We
confirmed that in K562 cells, Lphn2_4A disrupted
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FLRT2 binding without affecting Ten3 binding
(fig. S7, E and F). Yet ectopic expression of Lphn2_
4A in the subiculum caused a decrease of Ten3+
proximal CA1 axon intensity in GFP+ distal subic-
ulum regions compared with adjacent GFP—
regions (Fig. 2F and fig. S9, D to F; quantified
in Fig. 2G), to the same extent as wild-type
Lphn2 (Fig. 2G). These gain-of-function experi-
ments suggest that repulsion of Ten3+ proximal
CA1 axons by target-derived Lphn2 requires
Lphn2/teneurin but not Lphn2/FLRT interaction.

Ten3+ CAl axons invade Lphn2-null
subiculum targets

To determine whether endogenous Lphn2 in
the subiculum is necessary for correct proximal
CAl—distal subiculum targeting, we performed a
loss-of-function experiment by injecting lentivirus
expressing GFP-Cre into the subiculum of control
and Lphn2’wl mice (I6) at PO, followed by AAV-

mCh in proximal CAl of the same mice as adults

to assess Ten3+ axon targeting (Fig. 3, A and C).
In Lphn2** control mice, proximal CAI axons
targeted the distal subiculum and were not dis-
rupted when projecting into GFP-Cre+ regions
(Fig. 3B). By contrast, proximal CAl axons
targeted more broadly in GFP-Cre+ regions
in Lphn2ﬂ/ﬂ mice (Fig. 3D). Quantification of
proximal CA1l axon intensity in GFP-Cre+
sections revealed that proximal CAl axons in
Lphn2™" mice had increased intensity in the
more proximal regions and decreased inten-
sity in the most distal region of the subiculum
compared with Lphn2** mice (Fig. 3, G and
H; red versus black). These data suggest that
Lphn2 in the proximal subiculum normally
repels Ten3+ proximal CAl axons, enabling
them to specifically target the distal subiculum.

To rule out the possibility that the ectopic
invasion of proximal CAl axons into the
Lphn2™~ proximal subiculum results from
loss of Lphn2 interaction with a molecule
other than Ten3 [e.g., another teneurin that is
expressed in CAl (fig. S3B)], we performed
the same Lphn2 loss-of-function experiment
in Ten3”~ mice. Anterograde tracing from
proximal CA1 in Lphn2**;Ten3”" mice showed
that proximal CA1 axons spread more along the
proximal-distal axis of the subiculum (fig. S10, A
and B). In Lphn2ﬂ/ﬂ;Ten3”/ ~ mice, proximal
CA1 axons also showed similar spreading (fig.
S10, C and D; quantified in fig. S10, E and F).
The lack of an additional axon mistargeting
phenotype in Lphn2™: Ten3”~ mice compared
with Lphn2"*;Ten3”~ mice suggests that Ten3
is required for the effect of loss of subiculum
Lphn2 on proximal CAl axon targeting and
that Lphn2/Ten3-mediated repulsion instructs
proximal CAl—distal subiculum target selection.

Lphn2/Ten3-mediated repulsion and Ten3/
Ten3-mediated attraction cooperate

Loss of Lphn2/Ten3 heterophilic repulsion
(above) or Ten3 homophilic attraction (9) alone
both disrupt precise proximal CAl—distal su-
biculum axon targeting. What is the relative
contribution of each? To address this, we
simultaneously conditionally deleted both
Lphn2 and Ten3 in the subiculum and assessed
the targeting of Ten3+ proximal CAl axons
(Fig. 3E). We found that proximal CAl axons
projecting into GFP-Cre+ regions of Lphn2™"
Ten3™ mice targeted more proximal regions of
the subiculum and also had decreased fluores-
cence intensity in the distal subiculum (Fig. 3F).

Quantification of proximal CA1l axons in
GFP-Cre+ subiculum sections of Lphn?ﬂ/ﬂ;
Ten3™ mice showed a significant increase
in axon intensity into the Lphn2’/ ~ proximal
subiculum compared with axons in Lphn2™*;
Ten3”" mice (Fig. 3, G and H; blue versus
black), confirming a loss of repulsion of Ten3+
proximal CAl axons from the proximal subic-
ulum that normally expresses Lphn2. Addi-
tionally, proximal CAl axons in Lphn2™"%
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Ten3™" mice had decreased fluorescence
intensity in the distal subiculum compared
with axons in Lphn2™": Tens3™* mice (Fig. 3,
G and H; blue versus red), indicating a loss
of attraction of Ten3+ proximal CAl axons to
the distal subiculum that normally expresses
Ten3. Thus, Lphn2/Ten3-mediated heterophilic
repulsion and Ten3/Ten3-mediated homophilic
attraction cooperate in orchestrating the pre-
cise targeting of proximal CAl axons to the
distal subiculum.

Subiculum Ten3 repels Lphn2+ CAl axons

In addition to serving as a repulsive ligand for
target selection of Ten3+ medial hippocampal
network neurons, could Lphn2 also act as a
receptor to regulate target selection of lateral
hippocampal network neurons? Could Lphn2+
axons be repelled from Ten3+ targets to
regulate the precision of lateral hippocampal
network connections? To test these ideas, we
injected lentivirus expressing GFP-Cre into the
subiculum of Tend”* (control) and Ten3™”
mice at PO, followed by AAV-mCh in mid-CAl
of the same mice as adults to assess Lphn2+
mid-CA1l axon targeting (Fig. 4, A and C). In
Ten3*’" mice, mid-CAl axons predominantly
targeted the mid-subiculum (Fig. 4B). How-
ever, in T end™" mice, mid-CAl axons spread
into the Ten3-null distal subiculum (Fig. 4D).
Quantification of axons in the subiculum showed
a significant increase in axon intensity in the
distal subiculum of Ten3™" mice compared with
Ten3**mice (Fig. 4, E and F). Thus, Ten3 in the
distal subiculum prevents Lphn2+ mid-CA1l axon
invasion into the distal subiculum.

To test whether Lphn2 in mid-CA1 axons is
required for their target precision, we deleted
Lphn2 from CAl and then traced Lphn2-null
mid-CAl axons (Fig. 4, G and I). Control mid-
CAl axons targeted the mid-subiculum (Fig.
4H), whereas Lphn2-null mid-CA1 axons spread
into the most distal subiculum (Fig. 4J; quan-
tified in Fig. 4, K and L). Thus, Lphn2 is cell-
autonomously required in mid-CAl neurons to
prevent their axons from invading the Ten3+
distal subiculum. Taken together with the 7en3
conditional deletion in the subiculum above,
these data indicate that Lphn2+ mid-CAl axons
are repelled by target-derived Ten3.

Discussion

In this study, we used CAl—subiculum axon
targeting as a model to investigate how par-
allel networks are assembled during develop-
ment. Our results demonstrate that Lphn2 and
Ten3 instruct the precise assembly of both
medial and lateral hippocampal networks
(Fig. 5A). In the medial network, Lphn2/
Ten3-mediated heterophilic repulsion and
Ten3/Ten3-mediated homophilic attraction
cooperate to instruct proximal CAl—distal
subiculum axon targeting. In the lateral network,
Ten3/Lphn2-mediated heterophilic repulsion
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Fig. 3. Lphn2/Ten3-mediated repulsion and Ten3/Ten3-mediated attraction cooperate to guide
proximal CAl—distal subiculum target selection. (A, C, and E) Experimental design and summary of
results for control (A), Lphn2 conditional knockout in the subiculum (C), and Lphn2 and Ten3 double
conditional knockout in the subiculum (E). (B, D, and F) Representative images of AAV-mCh (magenta)
injections in proximal CAl (top) and corresponding projections of proximal CAl axons overlapping with
LV-GFP-Cre (green) injection sites in the subiculum (bottom). Data in (B), (D), and (F) correspond to
experimental conditions in (A), (C), and (E), respectively. (G) Normalized mean fluorescence intensity traces
of subiculum projections from proximal CAL in GFP-Cre+ sections for Lphn2™*:Ten3** mice (n = 5),
Lphn2™"Ten3** mice (n = 5), and Lphn2""Ten3™" mice (n = 6). Means + SEMs are shown. The color bar
under the x axis represents Lphn2 (yellow) and Ten3 (cyan) expression in the subiculum, as quantified in
Fig. 1F. (H) Fraction of total axon intensity for the same data as in (G) across 20% intervals. Means + SEMs
are shown; two-way ANOVA with Sidak's multiple comparisons test was performed. ****P < 0.0001;

***p < 0.001; *P < 0.05. Scale bars in (F), 200 um. Injection site locations in CAl are shown in fig. S11.
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Fig. 4. Lphn2+ mid-CAl axons avoid the Ten3+ distal subiculum. (A and

C) Experimental design and summary of results for tracing mid-CAl axons in
control (A) and Ten3 conditional knockout in the subiculum (C). (B and

D) Representative images of AAV-mCh (magenta) injections in mid-CAl (top)
and corresponding projections overlapping with LV-GFP-Cre (green) injection
sites in the subiculum (bottom). Data in (B) and (D) correspond to experimental
conditions in (A) and (C), respectively. (E) Normalized mean fluorescence
intensity traces of subiculum projections from mid-CAl in GFP-Cre+ sections for
Ten3"* mice (n = 5) and Ten3"" mice (n = 5). Means + SEMs are shown. The
color bar under the x axis represents Lphn2 (yellow) and Ten3 (cyan) expression
in the subiculum, as quantified in Fig. 1F. (F) Fraction of total axon intensity
[same data as in (E)] across 20% intervals. Means + SEMs are shown; two-way
ANOVA with Sidak's multiple comparisons test was performed. **P < 0.01.
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(G and I) Experimental design and summary of results for tracing control

(G) and Lphn2-null (I) mid-CA1 axon projections to the subiculum. (H and

J) Representative images of AAV-DIO-mCh (magenta; mCh expression in a
Cre-dependent manner) injections in mid-CAl (top) and corresponding projec-
tions in the subiculum (bottom). Data in (H) and (J) correspond to experimental
conditions in (G) and (l), respectively. (K) Normalized mean fluorescence
intensity traces of subiculum projections from Lphn2** (n = 12 mice) and
Lphn2™ (n = 10 mice) mid-CAL axons. Means + SEMs are shown. The color bar
under the x axis represents Lphn2 (yellow) and Ten3 (cyan) expression in the
subiculum, as quantified in Fig. 1F. (L) Fraction of total axon intensity [same
data as in (K)] across 20% intervals. Means + SEMs are shown; two-way
ANOVA with Sidak’'s multiple comparisons test was performed. **P < 0.01. Scale
bars in (J), 200 um. Injection site locations in CAl are shown in fig. S11.
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Fig. 5. Lphn2 and Ten3 instruct target A
selection of hippocampal axons through
reciprocal repulsions. (A) Ten3+ CAL
axons target the Ten3+ subiculum via
repulsion from Lphn2 and attraction to
Ten3 in the subiculum. Lphn2+ CA1 axons
target the Lphn2+ subiculum via repulsion
from Ten3 in the subiculum. (B) Cartoon
representation of ligand-receptor interac-
tions that instruct target selection of Ten3+
(left) and Lphn2+ (right) axons. Red

dCA1 ! pSub

Ten3 protein Lphn2 protein
&/ Ten3+ CA1 neuron §gLphn2+ CA1 neuron
Ten3+ axon Lphn2+ axon

crosses symbolize repulsion. _
Medial hippocampal network : Lateral hlm)ocampal
H network Y Ten3+
H axon
'
'
Receptor ' Y Ten3+
H dendrite
'
'
i '
Ligand : MO Lphn2+
H axon
Lphn2/Ten3 Ten3/Ten3 Ten3/Lphn2
heterophilic  homophilic 1 heterophilic Lphn2+
repulsion __attraction ; repulsion dendrite

confines Lphn2+ axons to the Lphn2+ target
region (Fig. 5B). Additional cell surface mole-
cules may further subdivide the Lphn2+ re-
gion to determine targeting specificity between
mid-CAl—mid-subiculum and distal CA1—
proximal subiculum. Together, these data
indicate that the mechanisms required for
parallel network assembly in the hippocampus
are intertwined, using multiple interactions of
two cell surface molecules and reciprocal re-
pulsions to ensure the precise segregation of
connections.

Our results reveal that Lphn2 acts both cell
nonautonomously in targets and cell autono-
mously in axons during the target selection
stage of hippocampal circuit assembly, preced-
ing synapse formation. This is in contrast to
previous studies suggesting that latrophilins
act strictly as postsynaptic adhesion mole-
cules to establish or maintain synaptic con-
nections (14, 16, 19). Although defects in axon
targeting may contribute to synaptic deficits
in latrophilin early postnatal loss-of-function
experiments (14, 16, 20), our study is compatible
with latrophilin/teneurin interactions play-
ing additional roles in synaptic adhesion if
the repulsive mechanism is switched off after
target selection is complete. While the most
parsimonious interpretation is that the interac-
tions between Lphn2 and Ten3 mediate repul-
sion directly, our study does not rule out the
possibility that Lphn2/Tend interactions initi-
ate signaling cascades that activate repulsive
interactions mediated by additional molecules.
Latrophilins bind both teneurins and FLRTS,
and the cooperative binding of these three pro-
teins has been implicated in directing synapse
specificity and repulsion-mediated neuronal mi-
gration (14, 15). However, ectopic expression of a
mutant Lphn2 that cannot bind FLRT (fig. S7, E
and F) still repelled Ten3+ proximal CAl axons
to the same extent (Fig. 2G), suggesting that
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FLRT binding is not required for Lphn2/Ten3-
mediated repulsion during target selection of
axons.

Cooperation of attraction and repulsion has
been described in neuronal circuit assembly
(21, 22). For example, the PlexB receptor in-
teracts with Sema2a and Sema2b through re-
pulsion and attraction, respectively, to mediate
axon guidance during Drosophila sensory cir-
cuit assembly (23). We found that target se-
lection of proximal CAl axons is determined
by Lphn2/Ten3-mediated repulsion from the
proximal subiculum and Ten3/Ten3-mediated
attraction to the distal subiculum (Fig. 3). Thus,
Ten3 acts as a receptor for both repulsive and
attractive ligands in the same axon during target
selection. Conversely, as a ligand, Ten3 acts as
an attractant for Ten3+ axons but a repellent for
Lphn2+ axons (Fig. 5).

We show the complementary expression of
Ten3 and Lphn2 across all interconnected
regions of the hippocampal network. This is
reminiscent of Ephrin-A/EphA countergradients
found across interconnected regions of the
developing visual system (24) that use bi-
directional Ephrin-A/EphA interactions for the
formation of topographic projections (25, 26).
The patterns of Ten3 and Lphn2 expression
across the hippocampal network follow a
“Ten3—Ten3, Lphn2—Lphn2” rule (fig. S4F).
The reciprocal repulsions we demonstrated in
the CAl—subiculum projection may guide tar-
get selection across additional projections to
and from the entorhinal cortex. With repeated
use in various connections combined with
multifunctionality, in which a single protein
serves as both receptor and ligand, a limited
number of cell surface molecules can specify a
diversity of connections in the mammalian brain.
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CO0, electrolysis to multicarbon products

in strong acid

Jianan Erick Huang't, Fengwang Li%?*1, Adnan Ozden®{, Armin Sedighian Rasouli®,
F. Pelayo Garcia de Arquer't, Shijie Liu?, Shuzhen Zhang?, Mingchuan Luo', Xue Wang?, Yanwei Lum?,
Yi Xu®, Koen Bertens?, Rui Kai Miao®, Cao-Thang Dinh?, David Sinton*, Edward H. Sargent'*

Carbon dioxide electroreduction (CO,R) is being actively studied as a promising route to convert carbon
emissions to valuable chemicals and fuels. However, the fraction of input CO, that is productively
reduced has typically been very low, <2% for multicarbon products; the balance reacts with hydroxide
to form carbonate in both alkaline and neutral reactors. Acidic electrolytes would overcome this
limitation, but hydrogen evolution has hitherto dominated under those conditions. We report that
concentrating potassium cations in the vicinity of electrochemically active sites accelerates CO,
activation to enable efficient CO,R in acid. We achieve CO,R on copper at pH <1 with a single-pass
CO;, utilization of 77%, including a conversion efficiency of 50% toward multicarbon products (ethylene,
ethanol, and 1-propanol) at a current density of 1.2 amperes per square centimeter and a full-cell

voltage of 4.2 volts.

lectrochemical reduction of CO, (CO4R)

using renewable electricity offers an

attractive approach to produce widely

needed chemicals and feedstocks while

mitigating greenhouse gas emissions
(1, 2). Effort has been dedicated to developing
catalysts that achieve high faradaic efficiency
(FE) toward carbon monoxide and formate
and to promoting C-C coupling toward multi-
carbon (C,,) products such as ethylene and
ethanol (3-6). Lowering overpotentials of these
reactions and increasing their productivity
(current density) have been priorities for the
field (7, 8).

Despite many recent advances, CO,R remains
far from practical viability because strong
local alkaline conditions are present (Fig. 1A).
Rather than being reduced, a major fraction
of the input CO, is instead consumed in the
electrolyte through reaction with OH™ to pro-
duce CO5>

20H (aq) + COs (g = CO5”>" (agy + Ha0

Carbonate formation imposes a limit of car-
bon utilization efficiency (fraction of CO, in
the input feed converted to CO,R products)
that is prohibitively low (9). For every H,0O-
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electron pair transferred during CO,R, one
hydroxide is produced at the cathode, react-
ing with %5 CO, to form carbonate. As a re-
sult, the maximum carbon efficiency is 50%
for two-electron-transfer processes such as
CO, to CO.

For CO,R to more valuable C,, products, the
effect is even more acute: The carbon effi-
ciency of CO,R to ethylene or ethanol is
limited to 25%, as six electrons are needed
per CO, reacted. In practice, due in part to
nonunity selectivity and use of alkaline elec-
trolyte, the carbon efficiency is even lower
than these best-case theoretical limits (Fig. 1B)
(7, 10-15).

Dealing with CO, loss in alkaline and neu-
tral environments leads to a severe energy pen-
alty if one seeks to recycle the emitter CO,
from carbonate or cathodic and anodic streams
(16). Technoeconomic analysis of alkaline
CO, electrolyzers shows that >50% of input
energy is used to regenerate CO, lost to
carbonate (Fig. 1C and tables S1 and S2;
details in supplementary materials). CO, elec-
trolyzers using neutral electrolyte produce a
local alkaline environment under operating
conditions and thus also suffer from carbon-
ate formation and crossover (17, 18). The prob-
lem of inefficient CO, utilization in CO,R is
central to the field and severely limits its pro-
spects (9). While advances in FE and current
density have been steady, the utilization chal-
lenge demands a new approach.

CO4R in acidic media offers an avenue to
reduce carbonate formation to near zero and
thus also eliminate CO, crossover (Fig. 1, D
and E). Specifically, when H;0" is the proton
source for CO,R, no OH™ is generated, and
CO, conversion can proceed without carbon-

ate formation; when H,0 is the proton source,
any carbonate generated locally will lie within
the diffusion layer and be converted back to
CO, by protons in the bulk electrolyte (19).
Initial tests using phosphate buffer electro-
lytes (pH 1 to 4; see supplementary materials
for detailed preparation methods) showed
no measurable loss of CO, to the anode at
400 mA/cm? over 6 hours compared with a
loss of ~70% of input CO, in the reference
case with bicarbonate electrolyte (Fig. 1F and
fig. S1). However, under acidic conditions, the
kinetically more favorable hydrogen evolution
reaction (HER) outcompetes the reduction
of CO,, with CO,R FE close to zero in strong
acids (pH <1). These results are in agreement
with past work on acidic CO,R, in which only
single-carbon products, such as CO and meth-
ane, were observed in electrolytes of elevated
pH in the range 3 to 5 (19-25); one of these
works achieved near 100% FE to CO in pH 3
electrolyte (19).

In this study, we pursued a cation aug-
menting strategy to improve CO, activation
Kinetics in strong acid (pH <1). We used high-
concentration phosphate buffer (total phos-
phorus species kept to 1 M) as electrolyte to
keep pH locally at the cathode as close as
possible to that at the bulk (26). Modeling of
reaction and diffusion of species within a typ-
ical diffusion layer of 50 um indicates that, in
the phosphoric acid (H;PO,, 1 M, pH 1.05)
electrolyte, the surface (distance to cathode
of 0 um) pH is similar to the bulk at current
densities <200 mA/cm? while becoming neu-
tral and alkaline when current densities in-
crease further (Fig. 2A, fig. S2, and tables S3
to S5; details in supplementary materials).
The locally alkaline conditions result from a
consumption rate of local protons that exceeds
mass transport of protons from the bulk (27).
Despite elevated pH at the surface, pH de-
creases to an acidic range within a short dis-
tance of the cathode. Even at a current density
as high as 1 A/ecm?, the pH decreases to 6.3
[first acid dissociation constant (pKj,;) of car-
bonic acid] within 33 um of the electrode. This
confinement assures that any locally gener-
ated carbonate would be converted back to
CO, for ensuing reduction, avoiding carbon-
ate crossover and the associated loss of re-
actant CO,. In comparison, similar conditions
(pH 6.3 at a distance to cathode of 30 um)
are reached at much lower current densities
(<200 mA/cm?) in electrolytes of pH 2 to 4
(fig. S2). In the interest of realizing economic
CO, electrolyzers (28), we focus this study on
high-rate CO, electrolysis in strong acid (pH <1).

To circumvent the Kinetically more favor-
able HER in acid, we sought to operate CO,R
at current densities where the H;O" mass-
transport limitation occurs and H,O becomes
the main proton donor at the cathode surface
(19, 22). Modeling shows that the surface pH
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electrolytes with different pH values. (D) Tafel slopes obtained in electrolyte with
different K* concentrations. (E) FE toward H, and CH, on sputtered Cu catalyst at
different current densities in 1 M HsPO, and 3 M KCl. Values are means, and error bars
indicate SD (n = 3 replicates). (F) FE toward all products on sputtered Cu catalyst in
1 M H3PO,4 with different KCI concentrations at 400 mA/cm?.
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approaches neutrality when the current den-
sity reaches 100 mA/cm? for electrolytes with
pH 2 to 4, or above 200 mA/cm? for electro-
lyte with pH 1 (Fig. 2B). Indeed, we observed
experimentally a marked decrease of HER
selectivity in electrolytes with pH 2 and 4 at a
current density range of 100 to 400 mA/cm?;
however, no measurable CO,R products were
detected in electrolyte with pH 1, even at a
current density of 400 mA/cm? (Fig. 2C and
fig. S3), at which the surface pH was modeled
to be 7.

When we added 0.5 M KCl into the H;PO,
electrolyte (pH 1) in the middle of the reaction,
however, we observed a slight decrease in FE
toward hydrogen and detected CH,, (FE 2.1 +
0.3%) at a current density of 200 mA/cm? (fig.
S4). Noting that the phosphate buffer electro-
lytes with different pH were prepared by mix-
ing H;PO, and KH,PO, at different ratios, we
posited that ion species, particularly cations
(29-31), might steer Kkinetics of CO,R catalysis
at bulk pH <1.

To test this hypothesis, we carried out Tafel
analysis at different pH and found that the
Tafel slope decreased along with an increase
in K" concentration in the electrolytes (Fig.
2D). The slope reaches a minimum of 0.28 volts
per decade at an electrolyte composition of
1 M H3PO, with 3 M KCl (pH 0.67). This
result suggests that the change in Tafel slope
is not attributable to pH and that the rate-
determining step is the adsorption of CO,
(25). The presence of cations is key to CO,
activation on the catalyst surface. Previous
studies attributed the enhanced activation
achieved with cations to their electrostatic
interactions with the electric dipole of ad-
sorbates or changes of surface charge density
(30, 31). We assessed this activation enhance-
ment on silver catalysts; in 1 M H3PO,, electro-
Iyte, no CO,R reactivity was observed, whereas
~50% CO,R selectivity was achieved in the
presence of 3 M K in the same electrolyte
(fig. S5). The CO,R selectivity on Cu catalysts
was dependent on current density, and the
FE of the main CO,R product, CH,, reached a
maximum of 27% at 600 mA/cm? (Fig. 2E).

We studied the impact of local pH (equiv-
alent to concentration of protons accessible
to CO,R and HER) on the activation of CO,
and suppression of HER. At current densi-
ties <200 mA/cm?, in which the local pH in
1 M H3PO, electrolyte exhibits pH «7, the
addition of K* into the electrolyte did not
affect voltametric properties of the Cu elec-
trode, regardless of the concentration of K*
and the atmosphere (N, versus CO,) (fig. S6),
suggesting that K* does not play a role in the
activation of CO, nor does it suppress HER
(from proton reduction) in a locally acidic
environment. However, when operating at a
higher current density of 400 mA/cm? to de-
plete local protons (local pH >7), while adding
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K" did not affect applied potentials, it did tune
selectivity from HER (from water reduction) to
CO,R. The change of gas flow from N, to CO,
increased the CO,R partial current density
from O to nearly 200 mA/cm? and decreased
HER partial current density by about the same
amount, but we did not observe any CO,R
activity in the electrolyte without K (fig. S7).
These observations indicate a full mechanistic
picture for CO,R in bulk acidic electrolyte:
Under a proton-depletion local environment,
the cation triggers CO, activation, which sup-
presses the HER from water reduction, con-
sistent with prior reports (19, 32).

The effect of anions on CO,R reactivity is
not significant; substitution of SO,> or I" for
Cl” showed product distribution similar to
that of the Cl” case (fig. S8). It is unlikely
that K" affects the oxidation state of Cu cat-
alysts. Only metallic Cu was observed by ope-
rando x-ray absorption spectroscopy (fig. S9).

We examined CO,R product distribution in
1 M H;PO, with different concentrations of K,
and current density remained constant at
400 mA/cm? (Fig. 2F). The HER selectivity
decreased with an increase in K" concentra-
tion, and CO,R selectivity increased. Selectiv-
ity for CH,, was the highest, at ~28%, for IM K.
The FE toward C,H,, although not dominant,
increased steadily from 3.1% with 0.5 M K* to
9.3% with 3 M K*.

We sought to selectively steer further toward
CyH,, in light of its high value and broad
application in chemical manufacturing (33).
However, the solubility of K" in aqueous elec-
trolytes is limited while maintaining a low pH.
We turned to the enrichment of K* at the Cu
surface by a cation-augmenting layer (CAL).
We used a cationic perfluorosulfonic acid (PFSA)
ionomer composed of tetrafluoroethylene and
sulfonyl fluoride vinyl ether. The acidic -SO;H
group is expected to exchange its protons with
K" from the bulk electrolyte in a nonacidic
local environment, sustaining a high K* con-
centration at the catalyst surface (Fig. 3A). In
addition, the CAL allows cation (e.g., H" and K*)
transport in the direction from electrolyte to
catalyst surface while slowing OH™ diffusion
out, leading to higher surface pH, which was
reported to facilitate C-C coupling (10, 15, 34).
The ionomer was loaded onto the sputtered
Cu surface as a blend with carbon nanoparti-
cles (NPs) to increase its adhesion to the catalyst
(fig. S10; details in supplementary materials).

The CAL-modified Cu showed a further in-
crease of FE toward C,H, to 13% and a much
lower FE toward CH, of <1% compared with
the bare Cu catalyst, while the remaining
CO,R gaseous product was CO at a current
density of 400 mA/cm? in 1 M H;PO,, with
3 M KCl (Fig. 3B). The product selectivity shift
was attributed to electrostatic interactions of
cation species (e.g., K*) with the electric dipole
of specific adsorbates that favor C,, reaction

pathways (31, 35). The FE toward C,H, was
~10% for current densities in the range 300 to
800 mA/cm? (fig. S11). X-ray photoelectron
spectroscopy (XPS) showed a marked increase
of potassium on the CAL-modified Cu surface
compared with the bare Cu after CO,R ope-
ration (fig. S12), confirming the preservation
of K" by the ionomer layer.

To improve CO,R productivity still further,
we increased the electrochemically active sur-
face area of the electrode by forming a Cu-
NPs/PFSA composite material (fig. S13; details
in supplementary materials) (7, 36). Similar to
the case of bare Cu, the CO,R selectivity was
dependent on the bulk concentration of K* in
1 M H3PO,; the FE toward C,H, increased
from ~10% with 1 M K to 26% with 3 M K*
at a current density of 1.2 A/em? (Fig. 3C and
fig. S14). The overall CO,R selectivity reached
61%, including a total C,, FE of 40%.

Using a slim, low-resistance flow cell (fig.
S15), we operated the high-surface-area CAL-
modified Cu electrode at a current density
of 1.2 A/em? stably for an initial 12-hour test
(details in supplementary materials). The full-
cell voltage was 4.2 V (without compensation
of voltage drop due to solution resistance, iR)
and the FE toward C,H, was constantly ~25%
(Fig. 3D and fig. S16). In-depth XPS analyses
indicate that K distributed evenly across the top
layer of the composite electrode after CO,R re-
action (fig. S17). The percentages of Cl and P
were five times lower than that of K, suggest-
ing that the observed K concentration was sus-
tained by the ionomer rather than caused by
residual electrolyte salts.

CO,R in acid enables CO, electrolysis with-
out carbonate formation and crossover in bulk
electrolytes, circumventing the CO, utilization
limit that is fundamental to neutral and alka-
line systems and permitting a carbon efficien-
cy that is capable of increasing further in the
direction of unity. To reduce energy demand
of product separation from dilute streams (37),
we pursued single-pass carbon efficiency (SPCE)
toward the new theoretical limit.

By gradually reducing the flow rate of CO,
from 50 to 5 standard cubic centimeters per
minute (sccm), the C,,. FE was improved to
48% (31% toward C,H,, 12% toward C,H;OH,
4% toward C3H,OH, and 1% toward CH;COOH)
(fig. S18). This combination of current density
and selectivity results in a high overall C,,
productivity of 600 mA/cm? (Fig. 3E).

By further lowering the flow rate of CO, to
3 sccm, we achieved, at a current density of
1.2 A/em?, an SPCE of ~77% for all the CO,R
products, including ~50% for C,, products
(Fig. 3F). This outperforms previously reported
alkaline and neutral CO,R electrolyzers (Fig. 1B
and table S6).

The cation augmentation takes CO, electro-
lysis from high-pH neutral and alkaline elec-
trolytes to a pH <1 acidic environment. The
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Fig. 3. Cation-augmenting layer (CAL) for multicarbon product formation and
high carbon efficiency in acidic electrolyte. (A) Schematic illustration of ionic
environment and transport near the catalyst surface functionalized by the PFSA
ionomer. (B) FEs toward gaseous CO,R products on bare Cu and PFSA-modified Cu
(Cu/PFSA) at 400 mA/cm™ in 1 M HyPO, with 3 M KCI. Values are means, and
error bars indicate SD (n = 3 replicates). (C) FEs toward CO,R products at 400 to
1500 mA ¢cm™ on CAL-modified Cu electrode. The flow rate of CO, inlet was

50 sccm. Values are means, and error bars indicate SD (n = 3 replicates). (D) The

extended CO,R performance of the CAL-modified Cu-NP electrode in a slim flow
cell at a constant current density of 1.2 A cm™. Nafion 117 membrane was used as
the cation exchange membrane and high-surface-area IrO,-Ti catalyst was used as
the anode electrode. (E) Current density toward CO.R products on CAL-modified
Cu electrode. The flow rate of CO, inlet was 5 sccm. (F) FEs toward H, and CO,R
products as well as SPCE on CAL-modified Cu electrode at 1.2 A cm™ with different
CO, flow rates. All experiments were performed using 1 M H3PO4 + 3 M KCl
catholyte. Values are means, and error bars indicate SD (n = 3 replicates).

approach overcomes the problems of carbon-
ate formation and CO, crossover. A voltage
breakdown analysis shows that the full-cell
voltage required to operate in this acidic sys-
tem is comparable to that in the state-of-art
neutral membrane electrode assembly cells
(fig. S19) (7). We note that further improve-
ment in selectivity and a decrease in operating
voltage will be required on the path to energy-
efficient electrochemical CO, conversion.
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HYDROGELS

Tough hydrogels with rapid self-reinforcement

Chang Liu', Naoya Morimoto?, Lan Jiang', Sohei Kawahara', Takako Noritomi', Hideaki Yokoyama®,

Koichi Mayumi*?3*, Kohzo Ito'*

Most tough hydrogels are reinforced by introducing sacrificial structures that can dissipate input energy.
However, because the sacrificial damage cannot rapidly recover, the toughness of these gels drops
substantially during consecutive cyclic loadings. We propose a damageless reinforcement strategy for
hydrogels using strain-induced crystallization. For slide-ring gels in which polyethylene glycol chains
are highly oriented and mutually exposed under large deformation, crystallinity forms and melts with
elongation and retraction, resulting both in almost 100% rapid recovery of extension energy and
excellent toughness of 6.6 to 22 megajoules per square meter, which is one order of magnitude larger
than the toughness of covalently cross-linked homogeneous gels of polyethylene glycol.

ydrogels, polymer networks containing
water as a solvent, generally have low
mechanical strength because of their
low polymer concentration and inhomo-
geneous network structure (7). Rein-
forcement of hydrogels has broadened their
application as wearable sensors, actuators, and
soft robots (2). Commonly, sacrificial bonds
(1, 3-7), nanoparticles (8, 9), and crystalline
structures (10-12) are incorporated into hy-
drogels for energy dissipation to achieve high
toughness. Under large deformations, the “sub-
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Fig. 1. Schematic of samples and
reinforcement strategy. (A) SR gel
with movable cross-links composed of
CDs. The close-packed structure

of PEG is formed and destroyed
during stretching and releasing.

(B) Tetra gel with fixed cross-links.
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tractive” damage of these structures dissipates
energy and raises the apparent work required
to rupture the material. By using reversible
interactions as the energy dissipation mecha-
nism, tough gels with a high extent of structur-
al and mechanical recovery can be realized
(1, 3-6, 9, 1I). Moreover, more than 100%
mechanical recovery against repetitive load-
ing was achieved by the initiation of polym-
erization by mechanoradicals generated from
sacrificially damaged structures (7). How-
ever, the reconstruction of damaged structures
usually takes minutes or hours; the greater the
energy dissipated, the longer the time required
for reconstruction. This leads to a deterioration
in mechanical strength when tough hydrogels
undergo multiple loading-unloading cycles
with no waiting time (13).

Herein, we propose a damageless reinforce-
ment strategy by fabricating slide-ring (SR)
hydrogels in which polyethylene glycol (PEG)
chains are connected by slidable cross-links
composed of hydroxypropyl-o-cyclodextrin

CcD PEG

Slide-Ring (SR) gel

(CD) rings [Fig. 1A, (a)] (I4, 15). The CDs are
covalently cross-linked by divinyl sulfone (DVS).
An excess amount of DVS (0.27 mol/liter) was
added to CDs (0.051 to 0.11 mol/liter) (table S1).
Unlike covalent cross-links fixed on polymer
chains in conventional chemical gels, the cross-
links in SR gels can slide on the PEG chains to
release stress in the network. Under uniaxial
stretching, the cross-links slide along the
chains to approach each other, and polymer
strands between the cross-linking points be-
come longer and are uniformly stretched in
the tensile direction [Fig. 1A, (b)] (16, 17). At
extremely large strains, the exposed, highly
oriented PEG chains repetitively form and
destroy a close-packed structure with stretch-
ing and releasing [Fig. 1A, (c)]. For SR gels,
optimizing two important parameters allows
the attainment of the strain-induced aggre-
gated structure of the PEG chains. One is the
coverage of the CDs on the PEG chains. Ac-
cording to our previous work, reducing the
number of CDs on one PEG chain increases
the slidable range of the cross-links and
thus the extensibility of SR gels (75). In this
work, the average molecular weight of PEG
was 35,000 g/mol and the CD coverage was 2%,
corresponding to ~8 CDs on one PEG chain
because gelation did not occur when CD cov-
erage was 1%. The other important parameter
is the polymer concentration. Increasing the
PEG concentration in SR gels enhances the
PEG-PEG interactions. The prepared SR gels
with different PEG volume fractions (¢prg)
were named SR-¢ppg (dprg = 0.18, 0.30, and
0.38). The CD coverage was fixed as 2% (CD/
PEG molar ratio = 8) for all gels. The sample
compositions of the SR gels are presented in
table S1. For verifying the effect of the SR
cross-links on the strain-induced structural

(b) (c) B
[ || 5 mm
Stretch \& Stretch ﬂ
o — | | ‘?E‘
Release Release

Tetra gel
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Fig. 2. Reversible reinforcement under extreme extension. (A) -2 curves of
SR and Tetra gels. (B) o—A curves of SR and Tetra gels normalized by Young's
moduli. (C) Photographs of single-edge notched specimens of Tetra-0.33 and
SR-0.38 before stretching (left) and just after the cracks started to propagate
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stretching and crack propagation, respectively. The white scale bars represent
1 mm. (D) Loading-unloading curves of SR gels. The solid (dotted) arrows
denote the first (second) loading cycle. (E) One hundred consecutive cycles of
eightfold loading and unloading for SR-0.38 gel. Horizontal shifts are applied to
the 20th, 40th, 60th, 80th, and 100th cycle curves.

transformation, fixed cross-link PEG gels
were prepared by end cross-linking of Tetra-
armed PEG prepolymers (Fig. 1B) (I18). The
molecular weight of polymer strands between
cross-linking points in the Tetra gels was
5000 g/mol, which is close to the average PEG
molecular weight between neighboring CDs
in the SR gels (4400 g/mol). The PEG volume
fractions in the Tetra gels were varied in a
range from 0.17 to 0.33 and named Tetra-
OpEg (¢PEG = 0.17, 0.27, and 0.33). The initial
network structure was similar for the SR and
Tetra gels, with the only difference being the
slidability of the cross-linking points.

Figure 2A shows the tensile stress (c)-
extension ratio (L) curves until rupture for

SCIENCE sciencemag.org

the SR and Tetra gels. SR-0.18 and Tetra-0.17
show similar Young’s moduli of 130 and 110 kPa,
respectively. According to the phantom net-
work model, which is a classical rubber elas-
ticity theory applicable to the mechanical
responses of polymer gels (19), the Young’s
modulus E of polymer networks is given by
E = 3p RT/(2M), where p is the polymer mass
concentration, R is the gas constant, 7'is the
absolute temperature, and M is the average
molecular weight of polymer strands between
cross-linking points. From the Young’s moduli,
M is estimated to be 5,600 g/mol for SR-0.18
and 5,700 g/mol for Tetra-0.17; these values
are close to the average PEG molecular weights
of network strands calculated from their chem-

ical structures. As shown in Fig. 2B, the c-1
curves of the Tetra gels with different PEG
concentrations can be normalized by the
Young’s moduli and follow the classical rub-
ber elasticity theory, the neo-Hookean model:
6/E = (A - A™2)/3 (19). The normalized o-A
curves of the SR gels, which are independent
of the strain rate (fig. S2), show softening
compared with the neo-Hookean model in the
moderate strain range 2 < A < 8, which can
be attributed to the stress relaxation caused
by the sliding of the cross-links [Fig. 1A, (b)]
(16, 20).

The mechanical toughness of the SR and
Tetra gels was evaluated quantitatively by
the work of rupture U (area under the o-A
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S | curves in Fig. 2A) and fracture energy I ob-
Table 1. Reversibility (U,/U;) and toughness (U and I') of SR gels compared with existing fixed tained from tensile measurements of single-
cross-link and “subtractive” tough gels. edge notched specimens. As shown in Table 1,

U and T of the SR gels are one order of mag-

g . nitude larger than those of the Tetra gels and

Sample Opolymer U/ Uy (%, Aeycle) U (kJ/m’) I (J/m") similar to those of the existing “subtractive”

Tough and reversible gels tough hydrogels (I, 4-6, 11, 12) (experimental

SR-0.18 0.18 (dpeg) 100 (11) 6600 2900 conditions are shown in table S2). The marked

SR-0.30 0.30 (dpgg) 100 (11) 14,000 2200 toughening by the slidability of the cross-links

SR-0.38 0.38 (dpeg) 98 (11) 22,000 3600 is confirmed by the crack blunting of the SR gels

Fixed cross-link gels as shown in Fig. 2C and fig. S3. The toughness

Tetra-0.17 0.17 100 (2) 160 47 of SR gels is reduced by decreasing the PEG

Tetra-0.27 0.27 100 (2.8) 370 130 molecular weight (fig. S4), suggesting more

Tetra-0.33 0.33 100 (3) 550 240 network defects and smaller sliding distance
“Subtractive” tough gels of the cross-links (17).

DFT-10-7 (12) 0.12 49 (3) 1300 280 An important feature of the SR gels com-

Crystallized PVA-PAAm (11) 0.30 45 (2.5) 1800 2900 pared with the “subtractive” tough gels is the

PAM-CS-A (4) 0.21 36 (4) 10,000 13,000 high recoverability comparable to that of the

s-gel (AA/AM = 0.2) (5) 0.49 34 (2) 17,000 4800 fixed cross-link gels (Fig. 2D, fig. S5, and Table 1).

Hybrid (1) 0.14 29 (7) 2400 8700 Although mechanical hysteresis was observed

MM-0.2-6 (6) 0.53 21 (2) 31,000 19,000 especially for SR-0.38, the SR gels exhibited

Opolymer POlymer volume fraction; ¢pec, volume fraction of PEG in the SR gels; Acyqe, largest extension during loading- almost no residual strain and similar mechan-

unloading tests ical responses during the first and second

loadings (Fig. 2D), implying a robust network
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structure against consecutive cyclic defor-
mation. The reversibility of hydrogels is de-
fined as the ratio of the area covered by the
second cycle loading curve to that covered by
the first one, U,/ U, (fig. S6). For “subtrac-
tive” gels, reversibility in consecutive loading
cycles is sacrificed for gaining high tough-
ness in the first loading (Table 1). By contrast,
the SR gels simultaneously show a revers-
ibility of 98 to 100% and high toughness
comparable to the “subtractive” tough gels
(Table 1). The high reversibility of the SR gels
was observed during 100 cycles of consecutive
loading-unloading in liquid paraffin (Fig. 2E
and figs. S7 and S8).

The high toughness of the SR gels originates
from strain-induced crystallization (SIC), which
is a well-known toughening mechanism for
rubbers (21-23). At large strains, the stretched
SR gels show diffraction spots in the wide-
angle x-ray scattering (WAXS) patterns of
Fig. 3, A and B, indicating the occurrence
of SIC of the PEG chains [Fig. 1A, (¢)]. No
diffraction spots were observed for the Tetra
gels or the SR gel with the shorter PEG under
stretching (figs. S9 and S10). The SR network
with a sufficiently long chain length promotes
the SIC of the main chains. The two diffraction
peaks in the profile of SR-0.18 gel (Fig. 3C) de-
note the (100) and (010) reflections of planar
zigzag PEG crystalline with triclinic unit cells
(Fig. 3D) (24), and the additional peak in that
of SR-0.38 gel (Fig. 3C) denotes the (120) re-
flection of 7/2 helix PEG crystalline with mono-
clinic unit cells (Fig. 3E) (25). On the basis of the
Scherrer equation, the sizes of planar zigzag
and helix PEG crystallines were estimated
to be 6 and 28 nm, respectively (fig. S11). Sharp
streaks were observed in the small-angle
X-ray scattering (SAXS) patterns of the SR gels
before the formation of planar zigzag crystals
(yellow arrows in Fig. 3, A and B), suggesting
the formation of a crystalline precursor com-
posed of highly extended chains (figs. S12 and
S13). In the large strain regime, the SR gels
show the upturn of the stress extension ratio
curves (Fig. 2A). During the unloading process,
the strain-induced crystalline phase disap-
peared (Fig. 3, A and B, and figs. S14 and S15).
The reversible formation and destruction of
the PEG crystals under loading and unloading
cycles is the origin of the high mechanical re-
versibility of the SR gels.

Although a similar phenomenon has been
reported in rubbers (21-23), we achieved re-
versible SIC in hydrogel systems with much
lower polymer concentrations. This rapid self-
reinforcement concept should also be applica-
ble to gels composed of other semicrystalline
polymers and provides insights into the prac-
tical applications of tough hydrogels.
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GAMMA-RAY BURSTS

Revealing x-ray and gamma ray temporal and
spectral similarities in the GRB 190829A afterglow

H.E.S.S. Collaborationt*

Gamma-ray bursts (GRBs), which are bright flashes of gamma rays from extragalactic sources followed
by fading afterglow emission, are associated with stellar core collapse events. We report the detection
of very-high-energy (VHE) gamma rays from the afterglow of GRB 190829A, between 4 and 56 hours
after the trigger, using the High Energy Stereoscopic System (H.E.S.S.). The low luminosity and redshift
of GRB 190829A reduce both internal and external absorption, allowing determination of its intrinsic
energy spectrum. Between energies of 0.18 and 3.3 tera—electron volts, this spectrum is described

by a power law with photon index of 2.07 + 0.09, similar to the x-ray spectrum. The x-ray and VHE
gamma-ray light curves also show similar decay profiles. These similar characteristics in the x-ray and
gamma-ray bands challenge GRB afterglow emission scenarios.

he core collapse of a rapidly rotating
massive star produces a supernova ex-
plosion, accompanied by a fast jet-like
outflow propagating close to the speed of
light (a relativistic outflow). These out-
flows produce long gamma-ray bursts (GRBs),
observed as prompt gamma-ray emission

*Corresponding authors: contact.hess@hess-experiment.eu;
Andrew M. Taylor (andrew.taylor@desy.de); Felix Aharonian
(felix.aharonian@mpi-hd.mpg.de); Carlo Romoli (cromoli@
mpi-hd.mpg.de); Dmitry Khangulyan (d.khangulyan@rikkyo.ac.
jp); Edna Ruiz-Velasco (edna.ruiz@mpi-hd.mpg.de); Fabian
Schiissler (fabian.schussler@cea.fr); Sylvia J. Zhu (sylvia.zhu@
desy.de)

TH.E.S.S. Collaboration authors and affiliations are listed in the
supplementary materials.

episodes lasting for several seconds. This is
followed by an afterglow of slowly fading emis-
sion, caused by the interaction of the relativis-
tic ejecta with surrounding gas, lasting hours
or days. The first radiative signature of GRB
afterglows is nonthermal synchrotron emis-
sion from electrons accelerated at the forward
shock of the relativistic outflow (). The same
electrons up-scatter the synchrotron photons
through the inverse Compton mechanism,
producing a synchrotron self-Compton (SSC)
emission component extending into the very-
high-energy (VHE) (>100 GeV) regime. This
emission has been proposed as a second ra-
diative signature of GRB afterglows (2, 3).
Two VHE GRB detections (4-6) have separately
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probed the early and late-time afterglow
phases.

We observed the afterglow of GRB 190829A
using the High Energy Stereoscopic System
(H.E.S.S.) on three consecutive nights, from
4.3 t0 55.9 hours after the GRB began. GRB
190829A was initially detected by the Gamma-
ray Burst Monitor (GBM) on the Fermi space
telescope on 29 August 2019 at 19:55:53 uni-
versal time (UT) (hereafter T;) (7). The Burst
Alert Telescope (BAT) on the Neil Gehrels
Swift Observatory spacecraft triggered on this
burst 51 s later, and observations with the
X-Ray Telescope (XRT) on Swift began 97.3 s
after the BAT trigger (8). The Swift Ultraviolet/
Optical Telescope began observing the GRB

afterglow at T, +158 s. The afterglow was also
detected by ground-based telescopes in the
optical, the near-infrared (NIR), and the radio
bands, starting 1318 s after the GBM trigger
and continuing for several days. The afterglow
brightened in the optical-to-NIR bands starting
about 4 days after 7, owing to the supernova
associated with this GRB (9-13). The host gal-
axy has a redshift of ¥ = 0.0785 + 0.0005 (14).
The first hour of the x-ray light curve con-
tained three flares or rebrightening events.
The prompt emission comprised a short peak
at 0 to 4 s after T, and a second broader peak
at 50 to 60 s after Tj, both detected with Swifi-
BAT. A third rebrightening at 1000 to 3000 s

after T, was detected with Swifi-XRT. After

1010 |k

YV sg = 2.06 = 0.10 (stat.) + 0.26 (syst.)
Y s = 2.59 + 0.09 (stat.) = 0.23 (syst.)

yiies = 1.86+ 0.26 (stat.) = 0.17 (syst.)
V2% = 2.46 = 0.23 (stat.) = 0.14 (syst.)
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Fig. 1. H.E.S.S. VHE spectra of GRB 190829A on the first and second nights. (A) The power-law (black)
and EBL attenuated power-law (red) models (lines) fitted to the observational data (red crosses), with
shaded regions indicating the 1o statistical and systematic uncertainty on the first night. (C) The same

as in (A) but for the second night of observations. (B and D) the fractional residuals, (data — model)/model,
between the data and the power-law (black) and EBL attenuated power-law (red) models. Error bars in all
panels are 1o statistical uncertainty, and upper limits are the 95% confidence level.

Fig. 2. Model extragalactic background
light absorption for three GRBs
detected in the VHE band. Models of
EBL absorption in the energy range

0.1 to 3 TeV are shown for GRB 190829A
[z = 0.0785, blue (14)], GRB 190114C [z =
0.4245 (4), green], and GRB 1807208

[z = 0.653 (6), orange]. The solid lines
indicate the EBL absorption from our
preferred model (17), the darker shaded
areas indicate the spread when adopting
EBL models (25-28), and the lighter
shaded areas indicate the additional
uncertainty from a shift of 10% in the
energy scale.
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this final rebrightening, the x-ray light curve
followed a smooth power-law decay, typical of
the onset of a GRB afterglow (75). Our H.E.S.S.
observations were performed during this
power-law decay afterglow phase, beginning
at Tp +10* s.

The H.E.S.S. observations were performed
on three consecutive nights: the first night
starting at 7, +4.3 hours for an observing
time of 3.6 hours, the second night at T,
+27.2 hours for 4.7 hours, and the third night
at Ty +51.2 hours for 4.7 hours (16). Our anal-
ysis detected a VHE gamma-ray signal on each
of the three nights, spatially coincident with
the GRB position (fig. S1), with statistical sig-
nificances of 21.7c, 5.50, and 2.4 (16).

We performed a spectral analysis of the first
two nights; the signal on the third night was
too weak to determine the spectrum. We fitted
a power-law model to the photon spectrum

yobs

of the form AN /dE = No(E/E;)
N, is the spectrum normalization at photon
energy Ey, and y{’,t}’fE is the observed spectral
index. We find y3hs;; = 2.59 + 0.09 (stat.) +0.23
(syst.) (0.18 to 3.3 TeV) on the first night and
2.46 + 0.22 (stat.) £0.14 (syst.) (0.18 to 1.4 TeV)
on the second night (Fig. 1).

Gamma rays from distant astronomical
sources are attenuated by photon interac-
tions with radiation fields both within the
source (“internal” absorption) and with the
extragalactic background light (EBL) (17).
Extragalactic absorption depends on the red-
shift 2, and internal absorption depends on the
source compactness (the ratio of the intrinsic
source luminosity to its radius). The modest
luminosity of GRB 190829A (I18) and the late
observation epochs reduce the internal absorp-
tion, so we expect attenuation by the EBL to
dominate in the H.E.S.S. observation period
(16). The gamma-ray attenuation by the EBL
increases with source distance; the Universe
is optically thick to multi-TeV gamma rays
beyond a redshift of 2 = 0.1 (17). Nearby GRBs
experience less attenuation, requiring a smaller
correction due to EBL absorption and allow-
ing the intrinsic spectrum to be determined.
Figure 2 shows the model EBL absorption lev-
els for GRB 190829A and the two GRBs pre-
viously detected at VHEs (4, 6).

To characterize the intrinsic GRB spec-
trum (corrected for EBL absorption), we fitted
an attenuated power-law model of the form

", where

yint

AN /dE = No(E/E,) e "2 to the data.

The exponential term corresponds to the ab-
sorption of photons through their interaction
with the EBL, 1 is the energy-dependent opti-
cal depth for a source at redshift z, and yi; is
the intrinsic spectral index (16).

For the first two observation nights, we deter-
mined VHE intrinsic photon indices of yiiy, =
2.06 + 0.10 (stat.) £0.26 (syst.) (first night) and
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Fig. 3. Logarithmic x-ray and gamma-ray
multiwavelength energy-flux light curves of

the GRB 190829A afterglow. (A) The temporal
evolution of the energy flux detected in x-rays with
Swift-XRT (blue closed squares), upper limits on
MeV gamma rays from Fermi-LAT (gray arrows), and
VHE gamma rays from H.E.S.S. (red circles). The
XRT temporal decay index (axgr) was determined by
fitting @ model to only the XRT data that were
simultaneous with the H.E.S.S. observations (blue
open squares). (B) The corresponding intrinsic
photon indices. The H.E.S.S. intrinsic spectral index,
indicated by the continuous red line, is assumed to
be constant at the mean value of 2.07 + 0.09
determined from nights 1 to 3. (C) The energy-flux
evolution of the prompt emission observed by
Swift-BAT, obtained from the Swift Burst Analyser
(22). All error bars correspond to 1o uncertainty,
and the Fermi-LAT upper limits are at the 95%
confidence level.

1.86 + 0.26 (stat.) £0.17 (syst.) (second night).
These values indicate that within the uncer-
tainties, the spectral shape remains unchanged,
so we performed a joint spectral analysis (16).
Combining the three nights of observation
data, the photon index found is yii, = 2.07 =
0.09 (stat.) £0.23 (syst.), in the energy range
(0.18 to 3.3 TeV). These per-night VHE pho-
ton indices are consistent, within the statis-
tical uncertainties, with the photon indices
of the x-ray emission (yxpr) we measured
from the Swift-XRT data taken during the
same observational periods: yxpr = 2.03 £
0.06 (first night), and yxpy = 2.04 +0.10 (sec-
ond night) (16).

We extracted a light curve of the H.E.S.S.
observations in the energy range 0.2 to 4.0 TeV
for the entire temporal coverage up to T,
+56 hours. We split the first observation night
into three subintervals (Fig. 3). The gamma-ray
energy flux, Fyyg, depends on how much time ¢
has passed after Ty, and the time evolution is
characterized by a power-law model Fyyg (t) cc
t~ovE with oygg = 1.09 + 0.05 (16). This VHE
gamma-ray flux behavior is similar to the x-ray
light curve derived for the same time period.
The flux measured by Swifi-XRT can also be
described as a power law, with index oxgr;
using the Swifi-XRT data in the energy interval
0.3 to 10 keV, we find that oxgr = 1.07 £ 0.09.

The photon index of the GRB 190829A after-
glow in the x-ray band is typical for GRB after-
glows, which have a mean value of yxpr =2
(19). However, the afterglow decayed more
slowly than is typical over this time interval.
The average decay index for all GRB after-
glows measured by Swift-XRT up to 56 hours
after the 7;, time period (observer frame) is
Oxgrr ~ 1.4, based on the best-fitting broken
power-law light-curve models, with less than
30% of the XRT-detected GRBs having smaller
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temporal decay indices than GRB 190829A
during the same time period (76).

Figure 3 shows the x-ray and gamma-ray
afterglow temporal evolutions between 20 s and
11 days after 7. The afterglow phase, ¢ = 10° s,
shows the H.E.S.S.- and Swift-XRT-detected
fluxes and upper limits on the gamma-ray
flux at 0.1 to 1 GeV, derived from the Fermi-
Large Area Telescope (LAT) observations (20).
During this afterglow period, the temporal
profiles in the x-ray band show no short-time
scale variability. The VHE light curve closely
matches the x-ray light curve (16).

During the prompt phase (¢ < 100 s), the
total isotropic energy in the GBM energy band
(10 t0 1000 keV) was E9,, = 2 x 10%erg with
1% uncertainty (I8) and in the Swift-BAT
energy range (15 to 150 keV) was E59; ~ 1 x
10°%erg with 10% uncertainty (¢ < 60 s). With
the energy flux in the afterglow decaying at
approximately ¢7!, the energy output per
logarithmic time interval is approximately
constant. Consequently, no single logarithmic
temporal bin dominates the total fluence of
the outburst (fig. S2). The isotropic energy
output measured by Swift-XRT during the
afterglow phase was Ei$3.~5 x 10°%erg (¢ <
10° s) with 10% uncertainty (I6). This is larger
than it was during the prompt phase, a feature
that has rarely been observed (21).

We investigated whether the VHE light curve
and spectrum of GRB 190829A are compatible
with the standard GRB afterglow emission mod-
el. This model assumes particle acceleration at
the forward shock (16), where the outflow prop-
agates outward through the circumburst mate-
rial (22). As a result, a non-negligible fraction of
the shock energy is transferred into magnetic
field enhancement and particle acceleration,
leading to the production of broadband non-
thermal emission.

Although both hadrons and leptons are ac-
celerated, typical values of the circumburst
density at the forward shock suggest that the
time for hadrons to cool is substantially longer
than the dynamical shock time, resulting in
low radiative efficiencies. Unlike hadrons, VHE
electrons promptly lose their energy throughw
synchrotron and inverse Compton radiation.

The observed energy flux decays as approxi-
mately¢ ! in both x-ray and gamma-ray bands.
Decay of this form suggests that the shocked
plasma magnetization level, the fraction of
energy transferred to nonthermal electrons,
and radiative efficiency of the forward shock
effectively remain constant during the after-
glow (16).

We performed multiwavelength modeling
of the Swift-XRT, Fermi-LAT, and H.E.S.S.
data. We averaged these spectral results on
a per-night basis because this time period is
similar to the evolution time scale of the out-
flow Lorentz factor, dictated by GRB kinemat-
ics (23). We find that the emission region has a
Lorentz factor I" = 4.7 and 2.6 for the first and
second nights, respectively.

For Lorentz factors <10, which we expect
during the H.E.S.S. observation window (16),
the accelerated electrons producing the VHE
emission experience recoil when up-scattering
the synchrotron photons, referred to as the
onset of the Klein-Nishina regime (16), result-
ing in a steepening of the inverse Compton
spectrum. This steepening makes it challeng-
ing for SSC models to reproduce simulta-
neously the observed x-ray and VHE spectra.
We therefore introduced an alternative leptonic
scenario with no limitation placed on the elec-
tron maximum energy (which would other-
wise be set by energy losses). This assumption
implies that the synchrotron spectrum can
extend up into the VHE regime.
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[ To+[4.3,7.9] hrs

GRB 190829A

Energy (eV)

Fig. 4. Theoretical multiwavelength models of the first- and second-night data. The black region
shows the spectrum and uncertainty of the Swift-XRT data, the green arrow upper limit is from Fermi-LAT
[available only for the first night (19)], and the red region is the H.E.S.S. intrinsic spectrum and its uncertainty
(statistical only). The shaded areas represent the 68% confidence intervals, determined from the posterior
probability distributions of the MCMC parameter fitting for the standard SSC model (light blue) and the
synchrotron-dominated model (orange); the latter model does not impose a synchrotron cut-off energy
(labeled Enax) (16). The synchrotron components of the two SSC models are indicated by dashed curves,
whereas the dashed-dotted curves show the inverse Compton components. These curves show the emission
level when neglecting the internal gamma-gamma absorption. Two sets of data are shown: The upper set

is for the first night, and the lower set is for the second night; both are labeled with the time periods.

The best-fitting parameters are listed in tables S5 and S6.

To further investigate the emission origin,
we searched for a theoretical instantaneous
electron distribution such that the corre-
sponding synchrotron and SSC emission can
explain consistently both the x-ray and gamma-
ray spectra. We performed a Markov Chain
Monte Carlo (MCMC) exploration of the five-
dimensional parameter space (the magnetic
field strength and four parameters describing
the broken power-law electron distribution)
(16), with the results shown in Fig. 4. Addi-
tionally, we investigated whether including
the optical data (14) affects these results and
found that they remain unchanged (16).

The standard model in which the electron
maximum energy is set by the energy-loss
limit predicts a soft spectral index for the VHE
emission. This is due to the combination of the
accelerated electrons having a steep distribu-
tion (power-law index B, = 3) and the fact that
in the VHE range, the photons are produced
via inverse Compton scattering in the Klein-
Nishina regime. Internal photon-photon ab-
sorption within the source makes the spectrum
steeper. Such a spectrum is inconsistent with
our observations.

For the alternative model with no limit
placed on the maximum electron energy, the
theoretical spectrum is dominated by a single
synchrotron component covering a broad en-
ergy range from x-rays to VHE gamma rays
(Fig. 4). The SSC component in this case is
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three orders of magnitude weaker than the
synchrotron component. In the VHE range
covered by the H.E.S.S. observations, internal
photon-photon absorption is non-negligible.
A single synchrotron component provides
a significantly (>50) better fit to the multi-
wavelength data. However, if particle accel-
eration and emission occur in a region where
ideal magnetohydrodynamic conditions are
satisfied, the synchrotron component should
not extend beyond E ,,,x = 200D MeV (where
D is the Doppler factor; D = 2I" for I'»1).
Figure 4 shows that the synchrotron compo-
nent would need to extend more than three
orders of magnitude beyond the synchrotron
limiting energy. This would require an un-
known high-efficiency process to accelerate
multi-PeV electrons in the magnetic fields
(expected to be a few Gauss in strength) or a
conventional acceleration mechanism in a me-
dium with a large difference in the magnetic
field strengths of the acceleration and radia-
tion zones (24).

The spectral steepening predicted in the
VHE range means we cannot reproduce the
observations with a simple one-zone SSC mod-
el (Fig. 4). We discuss two ways to improve the
agreement between the data and the models:
(i) higher bulk Lorentz factor, and (ii) non-
power law distributions of emitting particles.

The discrepancy between models and data
could be removed if the Doppler factor at

4 hours after T, is increased to ~10% This
assumption reduces the level of electron re-
coil in the inverse Compton scattering pro-
cess, bringing the intrinsic VHE photon index
closer to that measured in x-rays; the internal
photon-photon absorption of the VHE emis-
sion is then reduced. However, the required
value of the bulk Lorentz factor is inconsist-
ent with predictions of the standard hydro-
dynamic model. The weak dependence of the
Lorentz factor on the explosion energy and
surrounding gas density makes it difficult
to physically produce values of ~10% (16). If
GRB 190829A was an off-axis explosion, with
a large line-of-sight angle relative to the jetted
outflow direction, then the bulk Lorentz fac-
tor could have been underestimated. Even in
this case, the bulk Lorentz factor on the sec-
ond night would have been smaller, which is
inconsistent with the unchanged observed
spectrum (16).

If the accelerated electrons instead had an
additional hard energy distribution at high
energies, then the synchrotron and inverse
Compton components could potentially explain
the x-ray and gamma-ray spectra recorded from
GRB 190829A. However, this would require
extreme assumptions regarding the proper-
ties of the circumburst medium. If inverse
Compton losses are dominant, then the elec-
trons that are cooled by inverse Compton
losses follow an energy distribution that is
harder than the injected distribution (76). This
requires that the spectral energy distribution
is strongly dominated by the inverse Compton
component, which is inconsistent with the
observed TeV flux and Fermi-LAT upper limit
(Fig. 4).

In summary, we measured a hard intrinsic
spectral index, yi?{m ~ 2, over more than an
order of magnitude in energy in the VHE band
in the late time afterglow, at 7; +4 hours to +56
hours. The gamma-ray energy flux and spec-
tral index are consistent with an extrapola-
tion of the synchrotron spectrum observed
in the x-ray band. This simple spectral behavior
is difficult to describe with simple one-zone
emission models.
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GENETICS OF OBESITY

Extensive pleiotropism and allelic heterogeneity
mediate metabolic effects of IRX3 and IRXS

Débora R. Sobreira'*, Amelia C. Joslin', Qi Zhang'?, lain Williamson®, Grace T. Hansen',

Kathryn M. Farris!, Noboru J. Sakabe', Nasa Sinnott-Armstrong*®, Grazyna Bozek’,

Sharon 0. Jensen-Cody®, Kyle H. Flippo®, Carole Ober!, Wendy A. Bickmore®, Matthew Potthoff®,
Mengjie Chen’?, Melina Claussnitzer®’, lvy Aneas'*, Marcelo A. Nébrega'*

Whereas coding variants often have pleiotropic effects across multiple tissues, noncoding

variants are thought to mediate their phenotypic effects by specific tissue and temporal regulation
of gene expression. Here, we investigated the genetic and functional architecture of a genomic
region within the FTO gene that is strongly associated with obesity risk. We show that multiple
variants on a common haplotype modify the regulatory properties of several enhancers targeting
IRX3 and IRX5 from megabase distances. We demonstrate that these enhancers affect gene
expression in multiple tissues, including adipose and brain, and impart regulatory effects during a
restricted temporal window. Our data indicate that the genetic architecture of disease-associated
loci may involve extensive pleiotropy, allelic heterogeneity, shared allelic effects across tissues,

and temporally restricted effects.

Ithough genome-wide association studies

(GWAS) have contributed extensively

to complex disease mapping, our under-

standing of the genetic architecture and

molecular mechanisms underlying most
disease associations remains incomplete (7, 2).
Recent studies suggest pervasive pleiotropy of
regulatory variants modulating gene expres-
sion across multiple tissues, affecting seem-
ingly disparate disease phenotypes (3, 4). We
set out to determine the genetic architecture
and phenotypic implications of a well-studied
locus associated with human obesity. GWAS
have identified common variants in the F70
gene as being the strongest genetic associa-
tion with obesity in humans (5). Much effort
has been directed toward identifying the causal
variant, gene, and tissues underlying this asso-
ciation. The associated region is within a large
topologically associated domain (TAD) of ~2 Mb
encompassing F70, RPGRIPIL, and the IRXB
cluster (including /RX3, IRX5, and IRX6) (6). As
a consequence of this arrangement, the obesity-
associated variants could affect the regula-
tion of any or all of these genes. In fact, most of
these genes have been independently impli-
cated in body weight management phenotypes,
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leading to additional controversy within the
field as to which of these genes mediates the
genetic association with obesity (7-10). In ad-
dition, whereas compelling evidence impli-
cates a central nervous system (CNS) phenotype
such as food preference and feeding behavior
underlying the association with body mass
index (BMI) (5, 11), alternative models involv-
ing altered thermogenesis, autonomous to
adipose tissue, have also been put forth as
putative mechanisms (7, 8). To address these
discrepancies, we applied an integrated ap-
proach to mechanistically determine the ge-
netic and functional architecture of the obesity
GWAS signal emanating from the F70 locus.
To ascertain the pattern of long-range ge-
nomic interactions in the locus, we generated
a comprehensive chromatin interaction map
in cell types relevant to obesity. We performed
in situ promoter capture Hi-C (PCHi-C) in hu-
man SGBS preadipocytes and in hypothalamic
arcuate-like neurons derived from human in-
duced pluripotent stem cells (hiPSCs). PCHi-C
contact maps from both cell types, and addi-
tional 4C-sequencing (4C-seq) data, revealed
long-range interactions between the obesity-
associated locus and promoters of JRX3 and
IRX5 but not those of IRX6 or FTO/RPGRIPIL
(Fig. 1A and fig. S1A). Similar results were ob-
tained from an enhancer capture Hi-C data-
set in primary human preadipocytes (fig. S1B)
(12). Because this locus is highly conserved
between humans and mice (fig. S2A), we engi-
neered a mouse model (mmFt0A20) harboring
a.20,204-bp deletion spanning the orthologous
obesity-associated interval in Fto (fig. S2B).
Using fluorescence in situ hybridization (FISH)
as an orthogonal assay to PCHi-C, we inter-
rogated the three-dimensional (3D) organiza-
tion of this region in vivo using brains from
mmFtoA20-heterozygous mice. Designing
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Fig. 1. Regulatory architecture of obesity-associated noncoding elements
within FTO. (A) PCHi-C interactions emanating from the FTO, IRX3, IRX5, and

IRX6 promoters in human Simpson-Golabi-Behmel syndrome cells (preadipocytes)
and hiPSCs-derived hypothalamic arcuate-like neurons. The yellow strip highlights
the obesity-associated interval. PCHi-C interactions are presented as gray arcs.

Red arcs highlight interactions of the IRX3 and IRX5 promoters with the obesity-
associated region. (B) The 1.1-Mb region analyzed by FISH in mouse cerebellum
encompassing the Fto, Irx3, Irx5, and Irx6 genes. The fragment deleted in the
mmFtoA20 mouse is indicated in blue. Fosmids used for analysis in (C) and (D) are
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FtoLD/  FtoLD/Irx3  FtoLD/Irx5  FtoLD/Irx6
FtoPr

indicated in orange and light pink. (C) 3D-FISH with Fto, Irx3, Irx5, and Irx6 probes
(red) and directly distal FTO obesity-associated interval (green) counterstained
with 4',6-diamidino-2-phenylindole (DAPI; blue). Scale bars, 5 um. (D) Box plots
represent the distribution of interprobe distances between different probe
combinations in Irx3-expressing (cerebellum) and nonexpressing (cortex) brain
tissue of mmFtoA20-heterozygous mice. Lines represent medians. The statistical
significance of differences between datasets was determined using Mann-Whitney
U tests. n =50 to 60 WT and mmFtoA20 alleles each per slide. FtoLD, FTO obesity-
associated interval; FtoPr, Fto promoter.
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fosmid-based probes for regions encompass-
ing the Fto/Rpgripll, Irx3, Irx5, and Ira6 pro-
moters and the Fto obesity-associated locus,
as well as the region directly adjacent to the
20-kb deletion (Fig. 1B), we determined the
pattern of interactions between the obesity-

A Biological
Process

Regulation of phosphate
metabolic process

Regulation of generation of
precursor metabolites and energy

Positive regulation of phosphorus
metabolic process

Positive regulation
of phosphorylation

Cellular Metabolic Process

Signal transduction by
protein phosphorylation

Response to organophosphorus

Fig. 2. Irx3 acts in the brain to regulate
metabolism and changes in macronutrient
selection. (A) Expression analysis of differen-
tially expressed genes between hypothalami

of Irx3™~ and WT mice using GO annotations.
The Sankey flow diagram shows all genes
up-regulated in the hypothalami from Irx3™~
animals with high enrichment for cellular
metabolic processes and the top-ranked dis-
eases related to them. Gene symbols are shown.
(B) Two-hottle choice experiment comparing
Irx3™~ and WT mice. Data are expressed as
mean + SEM. *P < 0.05 compared with the WT
group. (C) Regional association plot of the

FTO locus. LocusZoom was used to plot the
negative logig P value of every SNP within +700 kb
of rs1421085, the lead SNP in the locus.
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results, FISH data from wild-type (WT) alleles
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20-kb deletion had no impact on the distance
between the Fto/RpgrilL or Ira6 promoters
and the Fto obesity-associated interval (Fig. 1,
C and D, and fig. S2C). These observations
support a model of chromatin compaction at
this locus, with the obesity-associated region

physically interacting with both /RX3 and
IRX5 in humans and mice.

We next explored the biological relevance
of these observations in vivo. We genetically
engineered germline-null (-/-) and germline-
heterozygous (+/-) alleles for Ira3, Irx5, and

Ira6 in mice (fig. S3). At 20 weeks, Irz3~/~ ani-
mals displayed a 15 to 20% blunting in weight
gain compared with their WT control litter-
mates, as well as a reduction of total fat mass
(10 to 15%), activation of molecular markers
of browning in white adipose tissue (WAT),

l\ 53800000 53802000 53804000 53806000 53808000 53810000 53812000 53140000 53816000 53818000 53820000 53822000 53824000 53826000 53828000 53830000 53832000 16
1 L L L L L L L L L L L N N L

RefSeq Fio
genes

hg19

I rs1421085

rs11075992 1

Functional 1 rs9940128 1rs62033403 rs99226191
Variants 1 rs11642015 rs9937709 1
Adiposel- Il I S |
I N L N B |
Brain|-- I I N [ | I B B DR B
| | P ] |
I transcription [l weak transcription transcription weak enhancer active enhancer enhancer poised promoter
B Neuronal cell line
2.0 rs1421085 rs11642015 rs11075992 rs9922619
Z 3 1.4
= * *
2 1.5 25 2.5 1.2
?
S 15 2 2 1 -
()
S 15 15 0.8
- 1.0 0.6
e = 1 z 1 I 04
© .
© 05 05 05 0.0
e et ¢ ° B et o® ° R Al S R Al S
& N ,.oc,@‘(\ «* ot %c,@«\ & otV 90@‘(\ & otV go"b‘(\
Adipose cell line
rs1421085 rs11642015 rs11075992 rs9922619
> 3 9 Kk k 1.6 o 6
£ . .
3 8 1.4 5
o ’ 12
g 2 6 4
I} 1 -
= 5
‘© 0.8 3
3 . 4 '
C 3 oo 2
% 2 0.4
i 1 = 0.2 1 =
0 NS NG 0 e e 0 NS \e 0 " \e
ot CP\S ot P ot P\ ot R
& @o“'?\\ 60@‘(\ & \qo“’?\\ 90"&((\ & \Ao“’?‘\ 60&’6‘(\ & \Ao“’?‘\ go(’é‘(\
C rs1421085 rs11642015 rs11075992 rs9922619

Risk Haplotype | | C

Protective Haplotype T

T C T
C T G

Fig. 3. Functional variants within the FTO association locus modulate
enhancer activity in brain and adipose tissues. (A) Functional variants that
showed allele-specific activity using massively parallel reporter assay (black
boxes) and PMCA (red boxes). Colored bars indicate the chromatin state
annotations from the Roadmap Epigenomics Project. Colored bars indicate
chromatin state annotations from tissues profiled by the Roadmap Epigenomics
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T Increase enhancer activity

l Decrease enhancer activity

Project, including adipose tissue (epigenome identifiers EO25 and E063), and
brain (epigenome identifiers EO71 and EO81). (B) Comparison of allele-specific
activity of four variants in the FTO obesity-associated interval using luciferase
reporter assay. The plots show the mean + SEM from five triplicate experiments.
*P < 0.05, **P < 0.01, and ***P < 0.001. (C) Segregation of alleles by risk or
nonrisk haplotype and effect on enhancer activity.
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and improved glucose tolerance, mimicking
phenotypes that we have previously shown
(fig. S4) (7). Although the most notable fea-
ture of Ire5 /™ mice is early postnatal lethality,
Ira5-heterozygous mice (Irx5*") were viable
and thrived. Similar to Irx3~/~, Irx5*~ mice
exhibited an anti-obesity phenotype with 15 to
20% weight reduction, loss of body fat mass
(5%), activation of browning in WAT, and im-
proved glucose tolerance (fig. S5). Irx6-knockout
(Irx6~'~) mice showed none of these metabolic
phenotypes (fig. S6). Altogether, our in vivo
mouse models support our chromatin con-
formation data implicating Ir@3 and Ira5, but
not Irx6, as potentially mediating the genetic
association with obesity.

The phenotypic impact of IRX3 and IRX5
on adipocyte biology has been described pre-
viously (7, 8). Specifically, a single-nucleotide
polymorphism (SNP) (rs1421085) modulates
IRX3 and IRX5 expression in preadipocytes
and regulates an adipose thermogenesis
program (8). These data, however, do not
provide an immediate explanation for the
well-described association of variants within
FTO with eating behavior and, more specif-
ically, eating preferences such as increased
caloric intake (5, 11, 13). Toward that end, we
have previously shown that the hypothalamic
expression of a dominant-negative IRX3 iso-
form in mice phenocopies the organism-level
metabolic phenotypes seen in germline rx3-
null mice (7). To investigate the impact of Ira3
in molecular and physiological brain phenotypes
associated with obesity, we performed tran-
scriptomic analysis [RNA sequencing (RNA-
seq)] on hypothalami from Irx3™'~ mice and
WT littermates. Gene ontology (GO) enrich-
ment analysis showed that, of the 359 up-
regulated genes, at least 103 are involved in
neurodevelopment and cellular processes such
as cell communication and synaptic signaling,
consistent with the well-known roles of Irz3
in brain development (fig. S7A) (14-16). Using
the ToppGene Suite database, we investigated
GO categories for disease links and found that
the top-ranked diseases associated with these
differentially expressed genes are obesity, dia-
betes, and impaired glucose tolerance (Fig. 2A;
fig. S7, A and B; and table S1), supporting the
notion that /73 expression in brain may co-
ordinate a genetic program involved in metab-
olism. To determine whether /723 plays a role
in food intake or macronutrient preference,
we subjected a cohort of adult Irx3”~ and WT
control littermates to a series of two-bottle
choice experiments in which all mice were
offered the choice between water and a range
of nutritive and non-nutritive tastants (7).
We found that obesity-resistant Irx3™’~ mice
display a reduced preference for sucrose, but
not lipid or protein, compared with WT ani-
mals (Fig. 2B and fig. S7C). Altered sweet pref-
erence has not been shown as a phenotype in
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humans harboring risk alleles in the F7TO
obesity-associated region. To test this, we ob-
tained GWAS summary statistics from 118,950
genotyped individuals responding to a sweet
preference questionnaire from 23andMe (table
S2). AGWAS of these data indicated that SNPs
within the FTO obesity-associated region rep-
resent the second-strongest association with
sweet preference in humans, with the C allele
of rs1421085 associated with sweet food pref-
erence over salty (3.6 x 10~2%; odds ratio = 1.1)
(Fig. 2C). Taken together, our in vivo mouse
data establish a CNS role of I3 in the regula-
tion of metabolism and feeding behavior anal-
ogous to phenotypes associated with allelic
variants of obesity-associated SNPs within
FTO in humans, including alterations in
consummatory behavior. Previous work has
described reciprocal counterregulatory mech-
anisms between peripheral energy expendi-
ture and energy intake, with perturbations
in diet and nutritional status inducing long-
term changes in hypothalamic neurocircuit
development (18). Future work should deter-
mine whether the alterations in feeding be-
havior in Jr23~" mice result from primary,
autonomous dysfunction of regulatory circuits
within the CNS, including the hypothalamus,
or if they are secondary to peripheral effects
through the intersection of neurohormonal
cues from adipose and other peripheral tissues.

Having uncovered a CNS role of Irz3 in
metabolism and feeding behavior, we next
sought to characterize the regulatory potential
of obesity-associated SNPs within F70. To func-
tionally classify regulatory variants in neurons
and adipocytes, thought to represent tissues
that participate in the genetics of obesity in
humans (19), we used orthogonal computa-
tional and experimental approaches. For com-
putational regulatory variant predictions,
we derived multiple variant features from
sequence-based methods that harness cross-
species functional sequence conservation and
sequence-based regulatory evidence (20). Ex-
perimentally, we used a massively parallel
reporter assay to identify variants located in
enhancers in hippocampal (HT22) and pre-
adipocyte (3T3-L1) mouse cell lines. We tested
all 87 common (minor allele frequency =5%)
variants in strong linkage disequilibrium (+* >
0.8) with the lead obesity GWAS-associated
SNP rs1558902 (19). We found 21 SNPs in
3T3-L1 preadipocytes and 18 SNPs in HT22
neuronal cells located in enhancers in at least
three replicates tested in each cell line (table
S3). Of these, five SNPs displayed allelic-specific
enhancer activities in preadipocyte and/or
neuronal cells; each was located in indepen-
dent enhancers spread over 31 kb (Fig. 3A, fig.
S8, and tables S4 and S5). Using a luciferase
reporter assay, we confirmed allele-specific
enhancer properties and directional effects of
four variants in preadipocytes, two of which

changed regulatory activity in neuronal cells
as well (Fig. 3B). Three of the four SNPs mapped
within accessible chromatin regions in human
adipose and brain tissues, as assayed by the
Roadmap Epigenomics Consortium (Fig. 3A).
In addition, we confirmed that all accessible
variants scored highest across multiple, or-
thogonal sequence-based computational met-
rics, including high functional conservation
scores for the variant flanking the 120-bp re-
gions evaluated with phylogenetic module
complexity analysis (PMCA) (21) (table S6)
and sequence-based predicted functional
significance scores < 0.01 evaluated with
DeepSEA (22) (table S7), and all four SNPs
showed very consistent allele-specific chro-
matin accessibility with the Basset model
when comparing the experimentally derived
allelic activity in preadipocytes and hypo-
thalamic neurons (table S8). All four SNPs
are coinherited as one common haplotype,
with each allele in the obesity-risk haplotype
associated with increased enhancer activity
(Fig. 3C), suggesting that they may coordi-
nately regulate target gene expression in the
same direction (LDhap tool: https://1dlink.
nci.nih.gov). Our data suggest that multiple
genetic variants in this locus may regulate
gene expression in both adipose and neuronal
tissues. This supports a model in which GWAS
signals may result from a complex genetic
architecture whereby allelic heterogeneity of
multiple regulatory variants in distinct reg-
ulatory elements imparts shared effects across
tissues, regulating the quantitative and spatial
expression of multiple genes (23). We next
determined the impact of these enhancers on
gene expression. Because all four regulatory
regions with allele-specific enhancer proper-
ties mapped within the 20-kb region that we
deleted in the mouse genome (fig. S2B), we
used mmFtoA20 mice to evaluate the impact,
in vivo, of this deletion on the expression of
neighboring genes in adipose and brain tis-
sues. We initially assayed the expression of
genes in the Fto-Irab cluster during adipocyte
differentiation. We isolated primary preadi-
pocytes from mmFtoA20 and WT mice and
observed a decreased expression of [rx3 and
Ira5 in mmFtoA20, but not of other genes in
the locus (Fig. 4A). The impact of deleting
these enhancers on the expression of /723 and
Ira5 was restricted to preadipocytes, with no
effect on expression in mature adipocytes, as
previously described (8).

We next assayed the impact of the 20-kb
deletion on gene expression in mouse hypo-
thalamus during embryonic development [em-
bryonic day 17 (E17)] as well as in adult mice
(10 weeks). At E17, the 20-kb deletion leads
to down-regulation of Irx3 and Irax5, with no
impact on the expression of Fto and Irx6 (Fig.
4B). Similar to adipose tissue, this effect was
restricted to embryonic development, with no
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alterations in Ir#3 and Irx5 expression in adult
hypothalami. To further explore the temporally
restricted expression of /723 and Irx5 in the
developing hypothalamus, we assessed single-
cell gene expression across windows of mouse
hypothalamic development in mice (24), and
determined that the expression of Irx3 and
Irx5 is highest at midgestation and decreases
steadily afterward, being barely detectable
in adult neurons (fig. S9). The expression of
RpgriplL was also decreased in hypothalami
of mmFtoA20 mice (Fig. 4B), raising the pos-
sibility that regulation of RpgripIl in the brain

may also contribute to obesity risk, as previ-
ously suggested (10).

Our data suggest that variants in multiple
enhancers within the FT0O obesity-associated
region regulate the expression of multiple genes
in at least two major obesity-relevant tissues,
adipose and brain, in mice. Next, we tested the
impact of the obesity-associated region on gene
expression in human hypothalamic neuro-
nal precursors. We first assayed the dynamic
expression of IRX3 and IRX5 during dif-
ferentiation of hiPSCs into hypothalamic
neurons and observed that /RX3 and IRX5

expression is highly correlated, peaks at an
early stage of hypothalamic neuronal dif-
ferentiation, and decreases at later develop-
mental stages, paralleling the observations
in mice (fig. S10, A and B). These data further
support the possibility that some of the allelic
effects of obesity-associated SNPs on gene ex-
pression may involve developmental pheno-
types restricted to specific temporal windows
and not detected in differentiated, adult tis-
sues. A recent report uncovered evidence that
the FTO locus variants have effects on BMI
in early childhood (25), further raising the

A Mouse Preadipocytes Mouse Adipocytes c
& .. (3 weeks old) (10 weeks old)
22
n 15
S 2 BWT (n=5)
X [Jmm FTOA20
(0]
o 151 1 (n=5)
c
(0]
D 14
g 0.5
T 051 U D
©
o ol 0
Rpgrip1L  Fto Irx3 Irx5 Irx6 Rpgrip1L  Fto Irx3 Irx5 Irx6
8
B Mouse Hypothalamus Mouse Hypothalamus <§(
s (E17) s (10 weeks old) =)
B 15 i )
6 BEWT (n=5)
% , N [[Jmm FTOA20 -10 1
o) (n=5)
c
(0]
(o]
o 05 05
=
ks
[0]
o o 0 -20 1
Rpgrip1L  Fto  Irx3 Irx5 Irx6 Rpgrip1L  Fto Irx3 Irx5 Irx6
D  pomMC cutoff 95 DE analysis
° .
o)
28
g FTO
Lg
8o RPGRIP1L
(<Y
o . oo
6 4

Fig. 4. Evaluation of enhancer activity in the FTO obesity-associated locus
in neuronal and adipose tissues. (A and B) Relative expression of RpgriplL,
Fto, Irx3, Ixr5, and Irx6 genes in mouse preadipocyte cells and adipose tissue
(A) and hypothalamus (B). (C) Uniform manifold approximation and projection
(UMAP) plot showing the different cell populations identified using single-cell
sequencing. (D) Volcano plot of the differential gene expression (DE) analysis
between WT and hsfFTOA36 hypothalamic precursor cells with POMC cutoff

95 (counts) and KNN K = 11. Gray dots represent genes that were not
significantly changed. Blue and orange dots are genes significantly down-
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0.6 or < -0.6, and adjusted P value < 0.05 as significantly differentially expressed).
IRX3 and IRX5 are significantly differentially expressed across two conditions with
KNN K ranging from 10 to 13 (IRX3), from 11 to 13 (IRX5), and cutoff value >80 or
85 (counts). HPC, hypothalamic progenitor cells; Early Dev, hypothalamic neurons
at an early development time point; Late Dev, hypothalamic neurons at a late
development time point. For quantitative polymerase chain reaction analysis, data
are expressed as mean + SEM. *P < 0.05 and **P < 0.01 compared with WT.
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prospect that the association with BMI may
involve a combination of developmental and
growth phenotypes.

To test the effect of modulating these en-
hancers in a model of human hypothalamic
neurons, we subsequently generated in human
hiPSCs a genomic deletion of a 36,100-bp seg-
ment encompassing the F70 obesity-associated
locus and corresponding to the deletion engi-
neered in mmFtoA20 mice. We differentiated
WT and 36,100-bp deletion (hsFTOA36) hiPSCs
into hypothalamic arcuate-like neurons (fig.
S10, C and D) (26-28). We performed single-
cell RNA-seq (scRNA-seq) in 91,825 cells at the
neuron progenitor stage to assess transcriptme
differences between WT and hsFTOA36 cells.
Single-cell transcriptomic profiling identi-
fied distinct cell populations within the hypo-
thalamic neuron precursor stage, grouped into
distinct subtypes. We defined different devel-
opmental stages and cell types based on the
expression of known neuronal markers (29, 30).
Cell subtypes were designated as (i) hypo-
thalamic neurons at a late development time
point, (ii) hypothalamic neurons at an early
developmental time point, (iii) hypothalamic
progenitor cells, and (iv) radial glia, with all
four subtypes together constituting the neu-
rogenic lineage (Fig. 4C and table S9). We
found /RX3 and IRX5 expressed in all hypo-
thalamic cell subtypes. To assay for alterations
in gene expression in cellular subgroups, we
clustered cells based on the expression of eight
major neural and hypothalamic markers, in-
cluding ARNT2, NES, NEURODI, NHLH2,
NKX2-1, NPY, OTP, and POMC (fig. S11). We
found that only in cells expressing POMC,
which is critical in regulating normal feed-
ing behavior and energy homeostasis, did the
deletion of the 36-kb segment result in reduced
expression of JRX3 and IRX5 compared with
WT cells, supporting our findings in mouse
hypothalami (Fig. 4D). No other gene in the
locus was differentially expressed between
the two groups in any other cell type cluster.
Although we performed our analysis in hypo-
thalamic cells, there currently is no clear de-
lineation of the precise brain cell populations
in which the expression of JRX3 and IRX5 is
regulated by enhancers and allelic variants with-
in these enhancers in the obesity-associated
region. Future work addressing this outstand-
ing question will be critical to determine the
molecular, cellular, and organismal phenotypes
involved in obesity susceptibility in this locus.

Our data highlight the complexities that arise
during the functional determination of disease-
associated loci in humans. Recent work has
suggested extensive pleiotropy of loci, SNPs,
and gene sets underlying associations with
polygenic traits in humans (4). In addition, the
Genotype-Tissue Expression (GTEx) project has
shown that the regulatory effects of expressed
quantitative trait loci tend to be highly shared
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across tissues (31). Furthermore, the impact of
regulatory variants on molecular phenotypes
is often dependent on developmental context,
with changes in gene expression restricted to
specific temporal windows (32). Our findings
support all of these observations, demonstrat-
ing how the collective effects of regulatory
variants are integrated across tissues and de-
velopmental stages and result in a convergence
of phenotypes reminiscent of homeostatic
mechanisms governing complex physiological
traits in vivo, such as body weight regulation.

There are important limitations to our study.
The choice of immortalized cell lines for the
reporter assays may mask allelic effects of SNPs
that would be seen in primary cells. Also, the
manipulation of candidate genes in mice may
result in organismal phenotypes that are quan-
titatively and qualitatively different from the
small-effect phenotypes elicited by allelic var-
iants of SNPs associated with the human trait.
Finally, the congruent macronutrient prefer-
ence phenotypes that we describe between
Irx3”~ mice and humans represent but a sub-
set of the feeding behavior phenotypes asso-
ciated with this locus in humans. This may
reflect species differences in the function of
these genes but also that there are other func-
tions associated with IRX3, IRX5, or other
genes in the locus (RPGRIPIL or FTO) that
contribute to the BMI association in humans.

Our work suggests that the genetic archi-
tecture of a disease-associated locus may
include allelic heterogeneity, with multiple
variants modifying the regulatory properties
of distinct enhancers with broad tissue spe-
cificity and regulating multiple genes in lim-
ited temporal windows. These insights provide
a mechanistic framework with which to ex-
plain the genetic and functional architecture
of GWAS loci, predicting that it will often en-
compass multiple phenotypic mechanisms
that ultimately converge to modulate disease
susceptibility.
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Household COVID-19 risk and in-person schooling

Justin Lessler', M. Kate Grabowski*?, Kyra H. Grantz', Elena Badillo-Goicoechea®,
C. Jessica E. Metcalf®, Carly Lupton-Smith®, Andrew S. Azman'®, Elizabeth A. Stuart>57

In-person schooling has proved contentious and difficult to study throughout the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic. Data from a massive online survey in the
United States indicate an increased risk of COVID-19-related outcomes among respondents living with a
child attending school in person. School-based mitigation measures are associated with significant
reductions in risk, particularly daily symptoms screens, teacher masking, and closure of extracurricular
activities. A positive association between in-person schooling and COVID-19 outcomes persists at low
levels of mitigation, but when seven or more mitigation measures are reported, a significant relationship
is no longer observed. Among teachers, working outside the home was associated with an increase

in COVID-19-related outcomes, but this association is similar to that observed in other occupations
(e.g., health care or office work). Although in-person schooling is associated with household COVID-19
risk, this risk can likely be controlled with properly implemented school-based mitigation measures.

he role of schools in transmission—and
the value of school closure—has been
one of the most contentious issues of the
COVID-19 pandemic. There is ongoing
debate about exactly how much severe
acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) risk is posed to individuals and commun-
ities by in-person schooling. Although there is
general consensus that it should be possible to
open schools safely with adequate mitigation

Fig. 1. Spatial distribution of survey
responses. (A) Number of survey
respondents reporting a school-aged
student in the household by county.

(B) Percentage of households with
school-aged children reporting any
in-person schooling by county, excluding
counties with fewer than 10 responses
(excluded counties are shown in

dark gray). (C) Percentage of households
reporting a child in in-person schooling
who report full-time in-person schooling,
excluding counties with fewer than

10 reporting in-person schooling.

(D) Average number of school-based
mitigation measures reported for
children with in-person schooling,
excluding counties with fewer than

10 reporting in-person schooling.
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measures, there are few data and even less agree-
ment as to what level of mitigation is needed.

Many ecological studies have shown an as-
sociation between in-person schooling and the
speed and extent of community SARS-CoV-2
transmission (Z-3), though these results have
not been uniform (4). Although there have
been numerous outbreaks in schools and school-
like settings (5-7), studies outside of outbreak
settings have suggested that, when mitigation

measures are in place, transmission within
schools is limited and infection rates mirror
those of the surrounding community (8, 9).
However, the ways in which in-person
schooling influences community SARS-CoV-2
incidence are complex. Schools play a distinct
role in the social fabric of the US and other
countries and often create potential transmis-
sion connections between otherwise disparate
communities. Even if transmission in class-
rooms is rare, activities surrounding in-person
schooling, such as student pickup and drop-off,
teacher interactions, and broader changes to
behavior when school is in session, could lead
to increases in community transmission.
There is also a growing body of evidence
that younger children (e.g., those under 10 years
of age) are less susceptible to infection when
exposed (10); however, it is unclear whether
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they are less likely to pass on the virus once
infected (11, 12) or whether this reduced sus-
ceptibility is offset by increases in number of
contacts during school (13). Even when school-
aged children are infected, their risk of severe
disease and death is low (14). This means that
one of the main reasons for a focus on schools
is not the risk to students, but the risk that in-
person schooling poses to teachers and family
members (I5) and its impact on the overall

epidemic. Yet, few studies have focused on the
risk that in-person school poses to household
members (15).

Different interpretations of the evidence
and local politics have led to massive hetero-
geneity in approaches to schooling across the
US during the 2020 to 2021 school year (16)—
running the gambit from complete cessation
of in-person learning to opening completely
with no mitigation measures. Most schools

that have opened have made some efforts
to mitigate transmission, but there is much
diversity in the approaches adopted.

This hodgepodge of approaches to school-
ing creates a natural experiment from which
we can learn about what does and what does
not work for controlling school-associated
SARS-CoV-2 spread. However, there is no cen-
tral repository of the measures implemented
across the >130,000 schools in the US or the
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Fig. 2. Risk from in-person schooling and distribution of mitigation measures by grade. (A) Odds ratio of COVID-19-related outcomes associated with full- and
part-time in-person schooling by outcome and grade level compared with individuals with children in their household not attending in-person schooling and adjusted for
individual- and county-level covariates (but not number of mitigation measures), which indicates that the strength of the association increases with grade level. K,
kindergarten. (B) Distribution of mitigation measures by grade level and full- versus part-time in-person status across all grades. Test+, positive SARS-CoV-2 test result.

SCIENCE sciencemag.org

4 JUNE 2021 « VOL 372 ISSUE 6546 1093



RESEARCH | REPORTS

A
£
5 0.0751
o
>
o
s
S 0.050+
c
i)
20025-
go
o

0.000 v v v

0 5 10
num. interventions

B +
2 | ++ + #
§1_0 ! 1 I|+ $|
A =
e}
e}
5 + ++

07 + o ¢

0.61

\ib‘\cb \-\‘\g «\@ & q}‘\e & & c,e} Ao\q} & & é\b &
F & S g FFE S

I RS O A R

& & F & & » SRS R

& & 2 KL & ¢ KL FFHF O P
& & ¢ G S & O & &L

< @ 8«&& < S

+ Covid like illness + Loss taste/smell # Test+

Fig. 3. Impact of individual mitigation measures. (A) Relationship between number of mitigation
measures and percent reporting COVID-19-related outcomes using a log-linear (solid lines) and spline
(dashed lines) model. (B) Odds ratio of COVID-19-related outcomes by mitigation measure in multivariable
model including all measures versus the reduction resulting from a generic mitigation measure (dashed line).

health outcomes in these schools. Where data
are available, they are often restricted to tradi-
tional public-school systems—though 28% of
prekindergarten (pre-K) through 12th-grade
students are in private or charter schools—and
rarely can data be linked with individual- or
household-level outcomes.

The COVID-19 Symptom Survey provides
an opportunity to collect and analyze data on
schooling behaviors and SARS-CoV-2-related
outcomes from households throughout the
US. This survey is administered through Face-
book in partnership with Carnegie Mellon Uni-
versity and yields ~500,000 survey responses
in the US weekly (17). It includes questions
on symptoms related to COVID-19, testing,
and, since late November 2020, the schooling
experience of any children in the household
[survey details and questionnaires are availa-
ble at (I8)]. Analysis weights adjust for non-
response and coverage bias (see materials and
methods).

We analyzed data collected over two time
periods during the 2020 to 2021 school year
(24 November 2020 to 23 December 2020
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and 11 January 2021 to 10 February 2021). Of
2,142,887 total respondents in the 50 US states
and Washington, DC, during this period, 576,051
(26.9%) reported at least one child in pre-K
through high school living in their household
(tables S1 and S2, Fig. 1A, and fig. S1). Although
larger states have more responses, the per-
capita response rate was fairly consistent across
states (20 per 100,000; range, 10 to 29 per
100,000) and slightly higher in smaller states
(fig. S2). Forty-nine percent (284,789 of 576,051)
of these respondents reported a child living in
the household engaged in either full- (68.8%)
or part-time (46.0%) in-person schooling, with
substantial variation both within and between
states (Fig. 1 and table S3). Overall, in-person
schooling increased between the two periods
from 48 to 52%, although decreases were ob-
served in some states (e.g., Arizona) (fig. S1
and table S3). Previous work has shown that
household-reported rates of in-person school-
ing collected through the COVID-19 Symptom
Survey track well with administrative data (19).

After adjusting for county-level incidence
and other individual- and county-level factors

(but not school-based mitigation measures;
tables S1 and S2 and fig. S3), living in a
household with a child engaged in full-time
in-person schooling is associated with a sub-
stantial increase in the odds [adjusted odds
ratio (aOR), 1.38; 95% confidence interval (CI),
1.30 to 1.47] of reporting COVID-19-like illness
[(CLI), defined as a fever of at least 100°F, along
with cough, shortness of breath, or difficulty
breathing], loss of taste or smell (aOR, 1.21;
95% CI, 1.16 to 1.27), or a positive SARS-CoV-
2 test result within the previous 14: days (aOR,
1.30; 95% CI, 1.24 to 1.35) (Fig. 2A and table S4).
Rates of reported COVID-19 outcomes were
positively correlated with county-level con-
firmed SARS-CoV-2 incidence (figs. S4 and S5).
When stratifying by grade level (restricted to
households reporting children in a single grade
strata), we find that the strength of the as-
sociations with full-time schooling increases
with grade (Fig. 2A and table S4).

The association between COVID-19 outcomes
and reporting a child in the household engaged
in part-time in-person schooling is attenuated
but still statistically significant for CLI (aOR,
1.21; 95% CI, 1.13 to 1.29), loss of taste or smell
(aOR, 1.18; 95% (I, 1.13 to 1.24), and reporting
a positive test (aOR, 1.09; 95% CI, 1.03 to 1.14,).
Among those reporting part-time schooling, the
association between grade and COVID-19-related
outcomes is less clear (Fig. 2A and table S4:).

Respondents were asked to select all miti-
gation measures in place for any household
child engaged in in-person schooling from a
list of 14 measures (see materials and methods
for wording). For students engaged in any
form of in-person learning, the most common
mitigation measure reported was student mask
mandates (88%, unweighted), followed by teacher
mask mandates (80%), restricted entry (e.g.,
no parents or caregivers allowed into school)
(66%), and extra space between desks (63%)
(see table S5 for survey-weighted rates). The
distribution of mitigation measures reported
was similar between those reporting full- and
part-time in-person schooling, though most
measures were slightly more likely to be re-
ported in the part-time setting (Fig. 2B). Besides
staying with the same teacher and staying
with the same students throughout the day,
we found minimal evidence of clustering of
mitigation measures in principal components
(table S6) or hierarchical clustering analyses
(fig. S6). Student mask mandates were the
only intervention reported alone.

Overall, respondents reporting a household
child engaged in in-person school reported a
mean of 6.7 [interquartile range (IQR), 4 to 9]
mitigation measures in place at any school at-
tended. Those reporting only children in part-
time schooling reported more mitigation
measures (mean, 7.0; IQR, 5 to 10) than those
reporting only children in full-time schooling
(mean, 6.4; IQR, 4 to 9). There is substantial
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Fig. 4. Risk of in-person schooling by strata of number of reported mitigation measures.

(A) Estimated risk associated with full- and part-time in-person schooling by outcome and number

of mitigation measures implemented, adjusted for individual- and county-level covariates. (B) Distribution
of mitigation measures by total number of measures implemented.

geographic heterogeneity in the number of
mitigation measures reported (Fig. 1D, fig.
S7, and tables S5 and S7), with households in
South Dakota reporting the least (mean, 4.6;
IQR, 2 to 7) and households in Vermont re-
porting the most (mean, 8.9; IQR, 8 to 11).
We find a dose-response relationship with
the number of mitigation measures imple-
mented and the risk of COVID-19 outcomes
among adult household members responding
to the survey after adjustment for individual-
and county-level factors. On average, each mea-
sure implemented is associated with a 9%
decrease in the odds of CLI (aOR, 0.91; 95% CI,
0.89 to 0.92), an 8% decrease in the odds of loss
of taste or smell (aOR, 0.92; 95% CI, 0.91 to
0.93), and a 7% decrease in the odds of a recent
positive SARS-CoV-2 test (aOR, 0.93; 95% CI,
0.92 to 0.94) (table S8). Regression treating
each individual mitigation measure as having
an independent effect shows that daily symp-
tom screening is clearly associated with greater
risk reductions than the average measure
(Fig. 3 and table S9), with some evidence that
teacher mask mandates and cancelling extra-
curricular activities are also associated with
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larger reductions than average. By contrast,
closing cafeterias and playgrounds and the
use of desk shields are associated with lower
risk reductions (or even risk increases); how-
ever, this may reflect saturation effects be-
cause these are typically reported along with
a high number of other measures. Notably,
part-time in-person schooling is not associated
with a decrease in the risk of COVID-19-related
outcomes compared with full-time in-person
schooling after accounting for other mitiga-
tion measures. Despite this heterogeneity in
impact, we find that models including only the
number of mitigation measures approximate
well those where measures are modeled indi-
vidually (fig. S8).

To explore what, if any, levels of mitigation
are associated with elimination of the risk
posed by in-person schooling, we conducted
analyses where the in-person exposure groups
were specific to whether 0, 1 to 3, 4 to 6, 7 to
9, or 10 or more mitigation measures were
reported (Fig. 4, fig. S9, and tables S10 and
S11). We found that when seven or more miti-
gation measures were in place, the positive
association between in-person schooling and

COVID-19 outcomes disappeared. This result
was robust to adjustment for the expected
number of interventions (i.e., generalized
propensity scores) on the basis of geographic-
or individual-level covariates, but the result
was less clear when propensity scores were
based on both (fig. S10). Among those report-
ing seven or more mitigation measures, >80%
reported student and teacher mask mandates,
restricted entry, extra space between desks,
and no supply sharing, and >50% reported
student cohorting, reduced class size, and daily
symptom screening.

The results presented here show a clear
association between in-person schooling and
the risk of COVID-19-related outcomes in adult
household members and that this association
disappears when more than seven school-based
mitigation measures are reported. However,
this association may not be causal, particularly
given that in-person schooling and mitigation
measures are not distributed randomly in the
population (Fig. 1 and tables S1 to S3, S5, S7,
S10, and S11). For example, households with a
student attending in-person school tend to be
in counties that are a higher percentage white
(fig. S2) and contain respondents who are more
likely to have recently eaten out or gone to a
bar (table S2). Despite our best efforts to adjust
for local incidence, individual behavior, and
other potential confounders, it is possible that
unmeasured factors drive the observed associ-
ations. Some subanalyses raise the possibility
that complex interactions between geography
and individual factors (but neither alone) may
explain some of the observed results (fig. S10),
although overadjustment is a concern in these
models.

To address the possibility that the associa-
tion with in-person schooling could be the re-
sult of differences between urban, suburban,
and rural counties; local patterns of incidence;
or other differences between those more and
less likely to send children to school in person,
we performed several stratified analyses (Fig.
5). When stratifying by propensity for in-
person schooling and counties classified by
size and metro status, or incidence, we found
few systematic or statistically significant devi-
ations from overall estimates, even if overall
rates of outcomes differed (i.e., little evidence
of effect modification by strata). We found
similar results when stratifying counties by
reported schooling behaviors, state, percent
white, poverty, and access to broadband
internet (figs. S11 to S14 and table S12). The
notable exception is an apparent increase in
the risk associated with in-person schooling in
households with a higher propensity to have
children attending in-person classes (Fig. 5C).

Although we were not able to specifically
examine the relationship between in-person
schooling, mitigation measures, and the risk
to teachers, we were able to assess the risk
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Fig. 5. Subgroup analysis of association between in-person schooling and
COVID-19-related outcomes. (A to C) Estimated odds ratios (versus those in
strata not reporting in-person schooling) of COVID-19-related outcomes from
full-time (circles and dashed lines) and part-time (triangles and dotted lines) in-person
schooling, when data are stratified by county population size and relation to

associated with reporting paid work outside
the home among pre-K through high school
teachers. Teachers working outside the home
were more likely to report COVID-19-related
outcomes than those working at home (e.g.,
test positive; aOR, 1.8; 95% CI, 1.5 to 2.2; fig.
S15 and table S13). The confidence interval
summarizing the elevation of risk overlapped
with corresponding intervals that are asso-
ciated with working in health care (aOR, 1.7;
95% CI, 1.5 to 1.9) and office work (aOR, 1.6;
95% CI, 1.5 to 1.7).

The results presented here provide evidence
that in-person schooling poses a risk to those
living in the households of students but that
this risk can be managed through commonly
implemented school-based mitigation mea-
sures. This is consistent with findings from
Sweden, where authors found risk to parents
and teachers using a quasi-experimental approach
(15). However, much remains unknown. We
were unable to measure the risk posed by in-
person schooling to the students themselves,
nor were we able to specifically assess how
different policies affect teachers and other
school staff. Although the interplay between
school policies and local incidence is complex
and, possibly, multidirectional, we find sub-
stantial variation in SARS-CoV-2 incidence
regardless of the mean number of mitigation
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@ Fulltime

measures implemented within counties (figs.
S8 and S15), and observed associations persist
across study periods (figs. S17 to S19). This
study also provides limited insight into the
mechanisms by which in-person schooling in-
creases risk, and it remains possible that class-
room transmission plays a minor role and
other school-related activities drive risk.
This study has limitations. Measures of as-
sociation between COVID-19 outcomes and key
exposures may be biased if confounding fac-
tors were not fully accounted for. Though we
adjust for several county-level measures of
socioeconomic status, these data were not
available at the individual level and are known
to be associated with COVID-19 risk and atti-
tudes about in-person schooling. Analyses strati-
fied on urbanization, background COVID-19
risk, and propensity for in-person schooling
(table S5) did not reveal substantial sensitiv-
ity to the levels of factors investigated, nor did
examining alternative measures of individual
and household COVID-19 occurrence (figs. S20
to S22), which alleviates some of these con-
cerns. Still, more formal studies that span
schools with multiple policies and approaches
would enhance insights into these questions.
Additionally, cross-sectional internet-based
surveys have limitations and are subject to re-
sponse biases. Although results are qualita-

A Parttime

metropolitan areas (metropolitan area, nonmetropolitan area, or adjacent to
metropolitan area) (A); quintile of incidence [quintile 1 (Q1) is lowest and Q5 is
highest] (B); and propensity to report in-person schooling (Q5, most likely to have
in-person schooling; Q1, least likely) (C). Horizontal dashed and dotted lines show
overall point estimates for full-time and part-time in-person instruction, respectively.

tively consistent across COVID-19 outcomes
[symptoms-based, test-based, and among those
tested (figs. S20 to S22)], self-report has numer-
ous limitations—for example, we cannot robustly
assess asymptomatic spread. We were also
unable to evaluate compliance with or invest-
ment in reported mitigation measures, and
there is potential for mitigation measures to
be reported inaccurately on the survey. Survey
respondents may not be representative of
the full US population, and although survey
weights help account for nonresponse and
coverage biases, weights calculated on the basis
of the Facebook user base were adjusted for
representativeness of the wider population on
the basis of only age and gender—thus, these
weights may not ensure representativeness
across all covariates. However, the sample size
of the survey and consistency of our findings
across subanalyses allay some of these con-
cerns, as does the assessment of non-COVID-
19 outcomes (figs. S23 and S24). Further, any
response biases would have to be differential
based on schooling status to bias our results
away from the null.

The debate around in-person schooling in
the US has been intense and has exacerbated
differences in approach between indepen-
dent school systems and individual families
nationally. This lack of coordination has
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provided an opportunity to learn about the
risks of in-person schooling and the degree to
which mitigation measures may reduce risk. The
results presented here provide one dimension
of evidence for decision makers to consider in
the context of a complex policy landscape, with
many competing risks and priorities. Although
online surveys have their specific limitations,
the wide reach of the COVID-19 Symptom Survey
has allowed us to gather data from households
engaged in heterogeneous schooling activities
throughout the country in a way that few other
studies could. In analyzing these data, we find
support for the idea that in-person schooling
carries with it increased COVID-19 risk to
household members, but we also find also evi-
dence that common, low-cost mitigation mea-
sures can reduce this risk.
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PALEOCLIMATE

Antarctic surface temperature and elevation during

the Last Glacial Maximum

Christo Buizert', T. J. Fudge?, William H. G. Roberts3, Eric J. Steig?, Sam Sherriff-Tadano?,
Catherine Ritz®, Eric Lefebvre®, Jon Edwards’, Kenji Kawamura®”, lkumi Oyabu®,

Hideaki Motoyama®, Emma C. Kahle?, Tyler R. Jones®, Ayako Abe-Ouchi*, Takashi Obase®,

Carlos Martin'®, Hugh Corr'®, Jeffrey P. Severinghaus',, Ross Beaudette’, Jenna A. Epifanio’,
Edward J. Brook®, Kaden Martin', Jérome Chappellaz®, Shuji Aoki*?, Takakiyo Nakazawa'?,

Todd A. Sowers™, Richard B. Alley®>, Jinho Ahn'4, Michael Sigl*®, Mirko Severi'®"”, Nelia W. Dunbar'®,
Anders Svensson'®, John M. FegyveresiZ’, Chengfei HeZ, Zhengyu LiuZ, Jiang Zhu?,

Bette L. Otto-Bliesner?2, Vladimir Y. Lipenkov?3, Masa Kageyama®*, Jakob Schwander'®

Water-stable isotopes in polar ice cores are a widely used temperature proxy in paleoclimate
reconstruction, yet calibration remains challenging in East Antarctica. Here, we reconstruct the
magnitude and spatial pattern of Last Glacial Maximum surface cooling in Antarctica using borehole
thermometry and firn properties in seven ice cores. West Antarctic sites cooled ~10°C relative to

the preindustrial period. East Antarctic sites show a range from ~4° to ~7°C cooling, which is consistent
with the results of global climate models when the effects of topographic changes indicated with ice
core air-content data are included, but less than those indicated with the use of water-stable isotopes
calibrated against modern spatial gradients. An altered Antarctic temperature inversion during the
glacial reconciles our estimates with water-isotope observations.

sing oxygen and hydrogen isotope ratios

in ancient polar ice as records of past

site temperature requires a calibration

(I). Surface temperature and the isotopic

composition of precipitation correlate
spatially in Antarctica, with a regression co-
efficient ag (spatial slope) of 0.80 per mil per
kelvin (%o0K ™) for 80 (the ratio of **0 to °0)
(2). Reconstructing past temperatures requires
regression over time, and this temporal slope
or may differ from ag. In East Antarctica,
where the longest continuous ice core records,
going back to 800 thousand years before pre-
sent (ka BP), have been extracted (3), indepen-
dent temperature estimates are not available,
and the spatial slope is commonly used to
convert isotopic ratios to temperature (7); this
approach gives a surface temperature differ-

ence AT of around —9°C between the Last
Glacial Maximum (LGM) (26 to 18 ka BP) and
the preindustrial period (7, 4, 5).

Antarctic LGM-preindustrial isotope changes
depend on many factors, including hemispher-
ic sea surface temperatures (6), sea ice extent
(7), ice sheet elevation (8), vapor origin and
transport, precipitation seasonality, and post-
depositional isotopic exchange (9). Isotope-
enabled general circulation models seek to
capture these physical processes, making
them an invaluable tool for studying iso-
topic variations. Such models simulate LGM-
preindustrial o ranging from 0.3 to 1.4 %oK
in central East Antarctica (implied ATg of
—4° to —20°C), which implies that several afore-
mentioned processes are poorly constrained
(8, 10-12).
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We distinguish three temperatures: (i) the
climatic temperature 7¢rny at constant eleva-
tion (relative to the present-day geoid); (ii) the
surface temperature 75, which may differ from
the climatic temperature because of chang-
ing ice sheet topography; and (iii) the vapor
condensation temperature 7, which is warmer
than the surface because of the strong Antarctic
inversion (2, 13).

In this study, we empirically reconstruct
LGM surface temperature across Antarctica
(Fig. 1) using two independent methods. We
investigated five East Antarctic ice cores—
EPICA (European Project for Ice Coring in
Antarctica) Dome C (EDC), EPICA Dronning
Maud Land (EDML), Dome Fuji (DF), Talos
Dome (TAL), and South Pole (SP)—and two
West Antarctic cores—West Antarctic Ice Sheet
(WAIS) Divide (WD) and Siple Dome (SDM).

First, we estimated A7 at EDC and DF from
the measured borehole temperature profiles
(Fig. 2) using a method similar to that used
recently at WD (74). Owing to the downward
ice flow and low thermal diffusivity, the ice
sheet maintains an imprint of its past surface
temperature history. The large ice sheet thick-
ness at EDC and DF is favorable for preserving
past temperatures, yet the low accumulation
rate is not. Consequently, the relative uncer-
tainty in the EDC and DF borehole reconstruc-
tions is larger than that at WD. To constrain
the problem better, we used downward ice ve-
locities measured by means of phase-sensitive
radio-echo sounding (EDC only) and accu-
rate age constraints derived through volcan-
ic synchronization to the layer-counted WD
time scale.

‘We forced a one-dimensional heat transport-
ice flow model at the surface boundary with a
temperature history that is based on the 50
record scaled with a constant o value (10).
Applying traditional isotope scaling (ot =
0.7 %K™, yielding ATs = -9°C at EDC and
—7.5°C at DF) simulates temperature profiles
that do not fit the borehole observations at
either site (Fig. 2). At EDC, the model-data
fit is optimized for ar = 1.14 %K, which is
consistent with AT = -5.5°C (95% confidence
range is —6.9° to —3.1°C). At DF, the optimal
ATgis in the —2.0° to —5.4°C range; we provide
arange without a best estimate because, at DF,
there are no direct constraints on the down-

ward ice velocity. In Fig. 1, the WD, EDC, and
DF borehole estimates are marked “BH.”

Second, we reconstructed past climate at all
seven sites using the dependence of firn den-
sification, the gradual transformation of polar
snow to ice, on 75 and accumulation rate (4).
Air bubbles are isolated from the atmosphere
at the lock-in depth (50 to 120 m below the
surface), an event preserved in two ice core
signals (15): 5°N of N, which records past firn
column thickness by means of gravitational
enrichment, and the gas age-ice age differ-
ence, or Aage. The §'°N and Aage-isopleths
are perpendicular in 75-A space (Fig. 3A),
meaning that if 5°N and Aage are indepen-
dently known, a distinctive climatic (7, 4)
solution exists (subject to the uncertainties
of the firn model).

Synchronization using both volcanic deposits
and globally synchronous abrupt atmospheric
methane variations allowed us to estimate
Aage empirically for the Antarctic ice cores
(10, 16). We used an inverse dynamical firn

BH WD: -10.3 £ 1.3°C
2—p>—0at = 0.82 %o K™

densification-heat transport model (17, 18) to
reconstruct 75 and A histories that optimize
the fit to Aage and §"°N data (Fig. 3, B and
C). Reconstructed accumulation rates agree
(within uncertainty) with independent esti-
mates (fig. S8). Methodological biases and
uncertainties are estimated by using a Monte
Carlo approach (10). The histograms in Fig. 1
give the ATy distribution of the Aage-based
reconstruction.

In East Antarctica, ATg ranges from —3.8° +
2.0°C (DF) to —-7.1° + 1.7°C (TAL); at DF, EDC,
and EDML, ATy is substantially lower than
estimates from isotope scaling that use og.
The two West Antarctic sites have similar
AT of -10.2° + 2.4°C (SDM) to -10.3° + 1.3°C
(WD). The Aage- and borehole-based recon-
struction methods agree within uncertainty
at all sites (Fig. 1). Allowing for more flank-
like ice flow at EDC during the glacial period
(which would occur if the divide position were
different from that at present) improves the
agreement by changing the borehole estimate

Fig. 1. Summary of Antarctic LGM
cooling estimates. Black markers
with horizontal error bars marked
“BH" give borehole estimates;

SDM: -10.2 £ 2.4°C
a1 =0.8% K™

WD results are from (I4). Histograms
give distribution of Aage-based
temperature reconstructions from a

TAL:-7.1 £1.7°C
a1 =0.88% K

Monte Carlo sampling (N = 1000)

of model parameters; listed are mean
and 2c standard deviation of the
distribution, as well as the implied
temporal isotope slope ar. ATs

is the LGM (18 to 21.4 ka BP) minus
preindustrial (0.5 to 2.5 ka BP)

CEso
b—3Ah—O0
EDML: -4.4 +2.2°C
a1 =14 %K
A——viz

condition. White (MIROC), gray
(HadCM3), and black (PMIP4) show
AOGCM-simulated ATs, with symbols
denoting different LGM topography
reconstructions (10): Pollard and

AOTS Dec_onto (downward triangle) (32);
AH> Whitehouse et al. (square) (33);

. . L AAA A A A Glac-1D (diamond) (29); Golledge et al.
DF:-3.8 +2°C ; F———-BH (rightward triangle) (34); and Ice-6G
a1 =1.44 % K (upward triangle).

AOTFD>
44 12 -0 -8 -6 -4
ATg (°C)
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to around —4.5°C (10); we choose to report the
—5.5°C value to keep both methods indepen-
dent. PMIP4 (Paleoclimate Modeling Inter-
comparison Project phase 4) simulations (79)
find a seven-site-mean ATs magnitude that is
1.2° + 4.6°C larger than our Aage-based recon-
structions (mean and spread of 10 climate
models; Fig. 1).

We emphasize that the firn method is pri-
marily constrained by the empirical Aage es-

timates. Because 75 and 4 broadly covary via
the saturation vapor pressure, the deglacial
climatic changes run parallel to the §°N-
isopleths (Fig. 3A). Therefore, 5'°N data alone
do not constrain the magnitude of climate
change meaningfully. The effects of 75 and
A are additive in Aage, however, making
Aage a sensitive proxy for climate change (Fig.
3D), as first noted by Schwander et al. (20).
The empirical Aage at 24 ka BP is larger than

Fig. 2. Borehole temperature of
reconstruction for EDC and DF.
(Left) Site borehole temperature
observations at EDC (yellow) and DF
(red). At both sites, the ice-bedrock
interface is at the pressure melting
point (-2.2°C). (Right) Model-data
mismatch at EDC (yellow) and

DF (red) for an ice flow-heat transport
model forced by the optimized
temperature histories (solid lines,
ATs of -5.5°C at EDC and -3.2°C

at DF) and forced with water-isotope
scaling of 0.7 %oK™ (dashed lines,
ATs of =9.0°C at EDC and -7.5°C
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3000
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Fig. 3. Aage-based tem-
perature reconstructions.
(A) Aage and 5°N-isopleths
(gray and salmon, respec-
tively) in the steady-state
Herron-Langway firn densifi-
cation model as a function of
Ts and A. The dashed line
shows accumulation scaling
by means of the saturation
vapor pressure at the site
(ignoring the atmospheric
inversion). Reconstructed
preindustrial and LGM

>
w
o

- no
o

A (cm a’! ice equiv.)
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at 18 ka BP for all five cores where both are
available, and coldest conditions in Antarctica
occur ~27 to ~24ka BP in our reconstructions
(fig. S8h); this follows expectations from local
insolation (21).

We propose that elevation changes explain
the spatial differences in ATg (8). Let Az be
the LGM elevation anomaly relative to the
present. We present WD and DF total air-
content data (fig. S12) and interpret them
in terms of elevation change (22). These data
suggest a 420-m (range, 280 to 590 m) con-
trast in Az between WD and central East
Antarctica (here, DF and EDC)—for example,
Az = +300 m at WAIS and Az = -120 m in
central East Antarctica (Fig. 4B). Our estimate
is broadly in agreement with LGM ice sheet
reconstructions that suggest a West-East Az
contrast between 160 and 560 m (10). Although
the implied Az at WAIS exceeds the observed
highstand at ice margin nunataks (23), such
data do not strongly constrain the elevation at
‘WD more than 500 km away. The correspond-
ing ATg contrast (WD AT minus the average
ATg at DF and EDC) is —6.2° + 2.3°C in the
Aage-based reconstructions, —6.0° + 2.0°C in
the borehole reconstructions, and —5.9° + 2.7°C
in the PMIP4 model ensemble; the level of
agreement suggests this is a robust feature of
Antarctic LGM climate. This temperature contrast

B 5000

5 2000
o
> 1000
0]

3000 W

@OO@ O

conditions at the seven sites 1
are indicated. (B) Model fit

to empirical Aage constraints.

Gray vertical bars denote

Temperature CC)

the LGM (2L4t018kaBP) p O
and preindustrial (2.5to 0.5 ka of DF
BP) periods. (C) Model fit
to 8N data, divided over . 4r
two panels to prevent g) 6h EDML SP
overlapping curves. Data are ~
shown on the WD2014 time |—m 8l TAL
scale (30, 31). (D) Recon- < WD
structed AT versus ratio of -101
LGM Aage over preindustrial Aok SDM
Aage (with linear fit) (Aage,),
showing the utility of Aage -14 : : :
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as a climate proxy.
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is thus plausibly linked to Az through the
(spatial) lapse rate in the interior of Antarc-
tica of around -12°C km™ (2, 24).

To further assess the elevation impact on
ATs, we perform an atmosphere-ocean general

circulation model (AOGCM) sensitivity study
of Antarctic LGM climate using the MIROC
(Model for Interdisciplinary Research on Cli-
mate) and HadCM3 (Hadley Centre Coupled
Model version 3) models and a series of LGM

topographic reconstructions (10). We first es-
timated climatic LGM cooling using full LGM
boundary conditions (including LGM albedo)
but preindustrial Antarctic topography; this
yielded a seven-site average ATcpy of —4.7°

ATg (°C)

ATs (°C)

T T T

EDMI

L

0.8 1 1.2 1.4 1.6

ar iICESM (% K1)

Fig. 4. Climate models and Antarctic topography. (A) AOGCM simulations of ATg
using preindustrial ice topography in Antarctica (average of MIROC and HadCM
models), with Aage-based AT reconstructions for the seven sites. (B) Simulated
LGM elevation anomaly (shaded, average of five topographies) with LGM elevation
anomaly of +310, =80, and 140 m at WD, EDC, and DF (10). (C) As in (A), but using
LGM ice topography in Antarctica (average of five LGM topographies and both MIROC
and HadCM models). (D) Elevation change versus ATs in the AOGCM simulations
(average of MIROC and HadCM models); symbols denote the different LGM
topographic reconstructions (see Fig. 1 caption for legend). The gray bar shows the dry
adiabatic lapse rate. (E) Temporal isotope slope o from the iCESM model against
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our reconstructions (borehole in gray, Aage-based in colors). (F) ATs versus AT¢ from
Aage-based ATs and isotope-based AT (large dots with error bars) and from
LGM-preindustrial AOGCM simulations (small gray dots, gray lines enclose the central
95% of estimates); the black dashed line represents the modern spatial slope

(2). Models plotted are PMIP3 [except for one model that simulates ATs > 0°C],
PMIP4 (all model output publicly available), and all iCESM, MIROC, and HadCM3
simulations used in this work; we show interior Antarctica (surface pressure <
800 hPa); T¢ is taken to be the annual mean troposphere temperature maximum
(typically ~500 hPa). The models have an average preindustrial spatial dT¢/dTs
of 0.68 (range, 0.31 to 0.89) in interior Antarctica.
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and -7.0°C in the MIROC and HadCM3 mod-
els, respectively, but stronger albedo-driven
cooling is found over the Ross and Weddell
Seas due to ice growth onto the continental
shelf (Fig. 4A). Simulated climatic ATy iS
similar in interior West and East Antarctica
in the absence of topographic change.

Next, we performed climate simulations with
five Antarctic LGM topographic reconstructions.
These reconstructions suggest Az of +100 to
+600 m in interior WAIS and down to —250 m
in interior East Antarctica (Fig. 4B). These
changes result in greater ATgin West than in
central East Antarctica (Fig. 4C), in agreement
with our reconstructions. By comparing the
various topographic reconstructions, we find
that ATy is closely linked to Az in both models
through the dry adiabatic lapse rate of —9.8°C
km ™ (Fig. 4D). Also, a fraction of the variance is
due to the topography altering the atmospheric
circulation around Antarctica, rather than the
direct lapse-rate effect. We find a correlation
7 = 0.96 between the reconstructed and the
simulated site ATy pattern (averaged across
the five topographic reconstructions and both
models); for the PMIP4 multimodel mean,
this correlation is 7 = 0.95. We conclude that
changes in LGM ice sheet topography plausi-
bly explain the ATg spatial variability in our
reconstruction (8).

Our findings have implications for the in-
terpretation of water isotopes in Antarctic
ice cores. We found o in the range of 0.9 to
1.4 %0K ! in East Antarctica and, therefore,
or > ag, opposite to Greenland, where o < og
(17, 25). We compared our o with those from
LGM and preindustrial simulations using the
latest-generation isotope-enabled Community
Earth System Model iCESM) (Fig. 4E). The
good agreement (7 = 0.91; 0.06 %oK ' mean
offset) demonstrates that our reconstructed
o are consistent with isotope physics, yet the
large intermodel spread in simulated o [see
section S3.5 in (10) for a review] prevents us
from claiming that it validates our results.
Although the o agree well, iCESM simulated
a ATs and LGM-preindustrial 8'®0 change that
are both too large (compared with our recon-
structions and ice core data, respectively).

Last, we investigated changes to the strong
surface-based inversion in the Antarctic bound-
ary layer (Fig. 4F). The condensation temper-
ature 7 is higher than 7§, and they correlate
spatially with a slope d7¢/dTs in the 0.63 to
0.67 range (2, 13, 26). T controls precipita-
tion §'80, with a present-day spatial sensi-
tivity of d3'0/dT. = d8'0/dTs x ATs/dT¢ =
0.80/0.65 = 1.23 %oK . We now assume that,
unlike ATg, the LGM-preindustrial change AT
can be estimated by using this spatial slope via
AT = A8'®0/1.23 (Fig. 4F). At WD and SDM,
the ar = ag assumption holds, suggesting that
the ratio AT¢/ATy is close to the present-day
ratio of 0.65; in central East Antarctica, the

SCIENCE sciencemag.org

ratio AT¢/ATs exceeds 0.65, which is consis-
tent with ar > ag. We plotted simulated ATy
versus AT across interior Antarctica from a
wide range of AOGCMs and topographies;
we found that the ratio AT-/ATg ranges from
0.48 to 1.3 (95% interval, gray lines), with our
empirical reconstructions falling within the
model data cloud (Fig. 4F). In aggregate, these
simulations find that AT/ATs tends to exceed
the present-day ratio of 0.65 (~79% of model
data points); such a change to the inversion
structure would result in oy > ag for ATs. In
the iCESM simulations, the AT/ATs and oy
fields look similar, with the AT¢/ATs = 0.65
contour line broadly aligning with the ot =
0.8 %0K ' contour line (fig. S11). We conclude
that physically plausible changes to the inver-
sion (27, 28) may reconcile our reconstructions
with previous work on Antarctic LGM water
isotopes.

Our reconstructions improve the LGM
Antarctic temperature estimation and pro-
vide a benchmark for testing the ability of
(isotope-enabled) climate models to simulate
climate states radically different from the late
Holocene. For surface temperature, the spa-
tial isotopic slope is not always a good approx-
imation of the temporal slope, challenging
the prevalent interpretation of ice core water
isotopes in Antarctica.
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IMMUNOLOGY

Antibody fucosylation predicts disease severity in

secondary dengue infection

Stylianos Bournazos!, Hoa Thi My Vo?, Veasna Duong®, Heidi Auerswald®, Sowath Ly*,
Anavaj Sakuntabhai®®, Philippe Dussart®, Tineke Cantaert?t*, Jeffrey V. Ravetch't*

Although antiviral antibodies generally confer protective functions, antibodies against dengue virus
(DENV) are associated with enhanced disease susceptibility. Antibodies can mediate DENV infection of
leukocytes via Fcy receptors, likely contributing to dengue disease pathogenesis. To determine if this
mechanism accounts for variable disease severity, we examined Fab and Fc structures of anti-DENV
antibodies from patients before and after infection and with variable disease outcomes. Neither antibody
titers nor neutralizing activity correlated with disease severity in DENV-infected populations. Rather,
DENV infection induced a specific increase in immunoglobulin G1 (IgG1) afucosylation, and the levels of
afucosylated IgG1 were predictive of dengue disease severity. Thus, the IgGl fucosylation status
represents a robust prognostic tool for dengue disease, highlighting the key role of the Fc glycan

structure in dengue pathogenesis.

mmune status to dengue virus (DENV)
currently represents the greatest risk fac-
tor for hospitalization after a bite from a
DENV-infected mosquito (7). Depending
on the infecting DENV serotype, primary
infection commonly leads to inapparent in-
fection, but secondary infection can produce
life-threatening symptoms (2, 3). A mismatch
between the infecting serotype and the memory
adaptive immunity is hypothesized to lead to
exacerbated immune responses. Disease en-
hancement has been proposed to be mediated
by preexisting DENV-reactive immunoglobulin
G (IgG) antibodies, which at subneutralizing
levels promote infection of leukocytes. This
phenomenon, termed antibody-dependent en-
hancement (ADE), is dependent on the inter-
actions of the IgG Fc domain with Fcy receptors
(FeyRs) expressed on leukocytes (4).
Consistent with a pathogenic role for IgG
antibodies in dengue, epidemiologic studies
support that preexisting anti-DENV titers are
a key determinant for susceptibility to symp-
tomatic disease (5, 6). Additional susceptibility
factors likely exist, because <5% of patients
with preexisting anti-DENV IgGs develop severe
disease. Given the dependence of DENV ADE
on Fc-FeyR interactions, disease susceptibility
may be determined by the affinity of these
antibodies for specific FcyRs, the abundance
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of FcyR"-leukocytes, FcyR expression levels
on leukocytes, and FcyR alleles (7-9). The
affinity of the IgG molecule for the various
FcyR types is dynamically regulated during
an immune response and determined by the
Fc domain protein sequence and the composi-
tion of the Fc-associated glycan (10) (Fig. 1A).
Severe dengue patients are characterized by

A Variable

an increased abundance of afucosylated IgG1l
glycoforms, which exhibit higher affinity for
the activating FcyRIIIa (7). However, whether
afucosylated anti-DENV IgGs are the result of
secondary DENV infection or whether their
increased abundance truly represents a prog-
nostic factor for susceptibility to severe den-
gue disease remains unknown.

To investigate the contribution of immune
status and IgG Fc glycoforms to the develop-
ment of severe disease, we analyzed the dis-
tribution of IgG subclasses and Fc-associated
glycoforms from individuals with variable den-
gue disease severity (Fig. 1, fig. S1, and table S1).
Hospitalized cases exhibited a global increase in
plasma levels of afucosylated IgG1 Fe glycoforms
for both antigen-specific (anti-DENV E) and
total IgGs (Fig. 1, B to D). Increased levels of
IgG1 afucosylation were also observed in hospi-
talized patients at the time of admission, con-
firming that these effects were not related to
differences in sample timing and not induced
in response to clinical management (fig. S1A).
No differences in afucosylated Fc levels were
observed for the other IgG subclasses, suggest-
ing the existence of subclass-specific regu-
latory mechanisms for Fc fucosylation, likely
associated with the conditions that drive IgG
class switch (Fig. 1, B and C). Hospitalized
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Fig. 1. Hospitalized dengue disease cases exhibit increased levels of afucosylated IgG1 glycoforms.
(A) Overview of the Fc-associated glycan. GIcNAc, N-acetylglucosamine. (B and C) Analysis of the levels of

afucosylated IgG1 glycoforms for (B) anti-DENV E-specific and (C) total IgGs from inapparent and hospitalized
cases. (D) Correlation of the abundance of afucosylated IgGL levels of total with DENV E-specific IgGs. r, correlation
coefficient. (E and F) Analysis of (E) bisecting GlcNAc and (F) galactosylated Fc glycoforms of IgGs from
inapparent and hospitalized cases. One-way analysis of variance (ANOVA) with Bonferroni post hoc test was used for
(B), (C), (E), and (F); Pearson correlation analysis was used for (D). For (B), (C), (E), and (F), boxes and whiskers
represent the median, quartiles, and range (minimum to maximum); numbers above the boxes indicate p values.
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cases also exhibited increased levels of IgGl
and IgG2 galactosylation (Fig. 1, E and F), which
are expected to have limited biological impor-
tance (12). The global increase in IgG1 afucosyl-
ation raises the possibility of competition
effects by non-antigen-specific 1gGs, which
may limit the Fc function of anti-DENV IgGs.
However, such effects are expected to be
minimal, because FcyRIIIa has low affinity for
monomeric IgG1 (10). Indeed, in a model of
monoclonal antibody (mAb)-mediated thrombo-
cytopenia, the presence of excess, non-antigen-
specific afucosylated IgG had no impact on
cytotoxic anti-platelet mAb activity (fig. S2).

Hospitalized cases exhibited differential plate-
let and hematocrit (Hct) levels (Fig. 2, A and B)
and were classified according to disease sever-
ity (13). Compared with dengue fever (DF),
dengue hemorrhagic fever (DHF) and dengue
shock syndrome (DSS) cases exhibited increased
levels of afucosylated I1gG1 glycoforms (Fig. 2C),
but no major differences were noted in the
abundance of other Fc glycoforms (fig. S1, B to
I). Among all hospitalized cases, the abun-
dance of afucosylated IgGl levels correlated
with platelet levels and Hct (Fig. 2, D and E).
To determine whether the increase in afuco-
sylation truly represents a prognostic factor of
disease severity or whether it is the outcome of
severe disease, we analyzed IgG samples from
hospitalized patients obtained at the time of
admission. Patients that developed DHF or
DSS had significantly higher levels of afuco-
sylated IgG1 glycoforms at admission compared
with DF patients (Fig. 2F). Receiver operating
characteristic (ROC) analysis also confirmed
that IgG1 afucosylation levels at hospital ad-
mission are predictive of severe dengue disease
(Fig. 2G).

Consistent with prior reports (6, 14,), we also
observed increased anti-DENV IgG levels (Fig.
3A) and frequency of secondary DENV infec-
tion (Fig. 3B) in hospitalized cases compared
with inapparent cases. When patients were
stratified based on immune history, the in-
creased anti-DENV titers of hospitalized cases
were found to be due to the higher frequency
of secondary DENV infection in these patients.
Secondary DENV infection was characterized
by comparable anti-DENV IgG titers between
inapparent and hospitalized cases, suggesting
that neither the anti-DENV IgG titers nor the
immune history alone can sufficiently predict
dengue disease susceptibility (Fig. 3C). By con-
trast, IgG1 afucosylation was specifically in-
creased in hospitalized, but not in inapparent,
cases with prior history of DENV infection
(Fig. 3D and fig. S3, A to C). Likewise, IgG1l
afucosylation among hospitalized patients was
associated with platelet levels and Hcet (Fig. 2, D
and E), but no such association was observed
for anti-DENV IgG titers (Fig. 3, E and F). Thus,
1gG1 afucosylation, when combined with DENV
immune status, represents a more sensitive and
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with variable disease severity. (D and E) Correlation of afucosylated IgGl levels with platelets and Hct among
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accurate determinant for dengue disease sus-
ceptibility and is associated with clinical severity
of symptomatic dengue disease.

To assess whether it is the severity of the
disease that is inducing higher afucosylation
or whether afucosylated IgG antibodies are
elicited upon secondary DENV exposure, we
compared the levels of IgGl afucosylation
among patients with identical clinical clas-
sification (DF) but differential DENV immune
history. DF patients with prior DENV exposure
exhibited increased IgG1 afucosylation levels,
suggesting that immune history, rather dis-
ease severity, determines the IgGl fucosyla-
tion status (Fig. 4A). Likewise, primary DF
cases exhibited increased levels of afucosylated
IgG1 glycoforms at convalescence compared
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with the acute phase of infection. This effect
was not observed in secondary cases, which
had persistently high levels of IgG1 afucosy-
lation both at the acute and at the convales-
cent phase (Fig. 4B and fig. S3D).

Although the determinants that regulate
Fc fucosylation are poorly characterized, the
observed increased in the levels of IgGl afuco-
sylation in secondary cases may reflect specific
modulation by DENV infection of the path-
ways that regulate Fc fucosylation. We there-
fore included in our study individuals with
matched blood samples obtained before and
after DENV infection (table S1). We observed
that DENV infection specifically induced an
increase in IgGl afucosylation (Fig. 4C). By
contrast, no changes were noted in the levels

Anti-ZIKV E and NS1 IgGs from DENV-naive
or -experienced ZIKV patients exhibited com-
parable levels of afucosylated IgG1 (Fig. 4G)
and other Fc glycoforms (fig. S5, A to D).

As recently demonstrated for other enveloped
viruses (15), DENV can modulate IgG1 afuco-
sylation either by eliciting distinctive inflam-
matory cues to B cells (I16) or through direct
infection of B cells (17, 18). This may modulate
Fc fucosylation through inappropriate acti-
vation of cellular antiviral responses and/or
dysregulated B cell function. Irrespective of
the mechanism, we observed persistently high
levels of IgG1 afucosylation at convalescence,
suggesting that DENV infection has lasting
consequences on the IgG Fc glycan structure.
Given the well-established link between auto-
immunity and Fe afucosylation (79), this may
put dengue patients at risk for developing auto-
immune pathologies, as has been observed in
population-wide studies (20, 21).

Although substantial evidence supports ADE
mechanisms in dengue disease pathogenesis,
the role of preexisting IgG is less clear in shaping
disease susceptibility to other flaviviruses like
WNV or ZIKV (22, 23). Increased IgGl1 afucosyl-
ation was evident only in DENV-infected, but
not in ZIKV- or WNV-infected, patients, sug-
gesting that aberrant Fc fucosylation likely re-
presents an immune evasion mechanism that
specifically drives dengue disease pathogenesis
through modulation of the anti-DENV IgG-
FeyRIlIa interaction.
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Our findings support that DENV infection
causes a specific increase in afucosylated IgG1l
glycoforms. In contrast to DENV immune status,
IgG1 afucosylation levels not only are associated
with susceptibility to symptomatic disease but
also correlate with the specific clinical mani-
festations of severe dengue disease. Thus, the
IgGl1 afucosylation status represents a robust
prognostic tool to predict susceptibility to
symptomatic dengue disease, confirming the
role of Fc-FcyR interactions in mediating ADE
of dengue disease.
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PALEONTOLOGY

An early Miocene extinction in pelagic sharks

Elizabeth C. Sibert*?>3* and Leah D. Rubin*

Shark populations have been decimated in recent decades because of overfishing and other anthropogenic
stressors; however, the long-term impacts of such changes in marine predator abundance and diversity
are poorly constrained. We present evidence for a previously unknown major extinction event in sharks
that occurred in the early Miocene, ~19 million years ago. During this interval, sharks virtually disappeared
from open-ocean sediments, declining in abundance by >90% and morphological diversity by >70%,

an event from which they never recovered. This abrupt extinction occurred independently from any known
global climate event and ~2 million to 5 million years before diversifications in the highly migratory,
large-bodied predators that dominate pelagic ecosystems today, indicating that the early Miocene was a
period of rapid, transformative change for open-ocean ecosystems.

sing isolated shark dermal denticles

from two red-clay deep-sea sediment

cores with well-developed age models,

Deep Sea Drilling Project (DSDP) Site

596 (I) in the South Pacific gyre and
Ocean Drilling Program (ODP) Site 886 (2) in
the North Pacific gyre, we found that a major,
previously undescribed shark extinction event
occurred in the open ocean during the early
Miocene epoch, around 19 million years ago
(Ma) (Fig. 1). The extinction is marked by a
notable decrease in the ratio of shark to fish
fossils in open-ocean sediments from 1 shark
fossil per 5 fish fossils pre-extinction to 1 shark
fossil per 100 fish fossils post-extinction, the
only such shift since the Cretaceous-Paleogene
(K/Pg) mass extinction event 66 Ma (3). Fish
teeth and elasmobranch denticles are com-
posed of the same material (bioapatite), and
visual inspection of the samples pre- and post-
extinction revealed no signs of dissolution or
other taphonomic changes in either group.
All pre-extinction samples had abundant den-
ticles and teeth. The post-extinction samples
had abundant fish teeth, but only a third of the
samples had even a single denticle (3). When
normalized to sediment accumulation rate
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MA 02138, USA. Department of Organismic and
Evolutionary Biology, Harvard University, Cambridge, MA
02138, USA. *Department of Earth and Planetary Sciences,
Yale University, New Haven, CT 06511, USA. “College of the
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*Corresponding author. Email: elizabeth.sibert@yale.edu

(Fig. 1), post-extinction tooth abundances are
comparable to those in the Paleogene, whereas
denticle abundances are reduced by >90% (3).
This event fundamentally altered the structure
of pelagic fish and shark communities, disrupt-
ing more than 40 million years of stability (3).

We quantified the morphological variation
of shark denticles preserved in our samples
and classified 798 denticles from the South
Pacific and 465 denticles from the North
Pacific (a total of 1263 fossil denticles) into
85 explicit morphological types, with three
additional “catch-all” categories for incomplete
denticles (figs. S1 and S2). We applied the same
morphological scheme to a comprehensive lit-
erature review of modern elasmobranch skin
images by assigning denticle morphotypes from
published skin sample images of 152 species
of extant sharks, skates, and rays (4-9). Most
species in the modern denticle diversity cat-
alog have only one or two denticle morpho-
types, and most denticle morphotypes matched
to one or two families (fig. S3). Several generic
denticle morphotypes were found across mul-
tiple orders (fig. S3 and table S3), and most
surviving denticle morphotypes fell into this
category. Although not all denticle morpho-
types are diagnostic for a specific taxonomic
entity, denticle morphotype richness provides
areasonable indicator of overall shark diver-
sity (fig. S3).

We observed a >70% extinction of denticle
morphotypes in the early Miocene, with >90%
of denticle morphotypes disappearing from
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Fig. 1. A range chart showing the combined occurrences of denticle
morphotypes from DSDP Site 596 and ODP Site 886, along with modern
analogs. Denticle morphotypes are indicated by numbers on the x axis.

A key matching the morphotype number to denticle morphotype is available
in table S1. The gray box represents the 95% confidence interval of the
extinction horizon, which was estimated by using the 20% range extensions
method (12), red lines are the calculated range extensions. The colors demark

the open-ocean fossil record; the remaining
20% of surviving denticle types are found only
in the modern catalog (Fig. 1 and fig. S8). No
new denticle morphotypes appear in the post-
extinction sedimentary record, which suggests
a failure to rediversify after the extinction
event. This >70% extinction is substantially
greater than the 30 to 40% shark extinction
at the K/Pg mass extinction event (70). The
disappearance of a few less-common denti-
cle types just before 19 Ma is best explained
by the Signor-Lipps effect (17), and range ex-
tension estimates restrict the extinction ho-
rizon to between 19 and 19.75 Ma (12). There
is additional uncertainty in the precision of
the cobalt-based age model of DSDP Site 596,
although biostratigraphy at the site restricts the
event to the middle of the early Miocene (7).
We identified two broad types of denticles:
linear denticles, the typical parallel-ridged den-
ticles found on most extant shark species, and
geometric denticles, characterized by intricate,
interlacing ridge systems (Fig. 2 and table S3).
Also, smooth denticles exist that lack charac-
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teristic ridges and are found on many groups
of sharks (4). Most modern sharks have linear
denticles (8), which may improve swimming
efficiency over long-distance migrations. By
contrast, the extant geometric denticles are
found mostly on small, sit-and-wait ambush
predators that live in the deep sea, including
the cookiecutter shark (Isistius brasiliensis)
and the lantern shark (Etmopterus perryi) (13).

In our samples, 6 of the 33 geometric mor-
photypes found in the Paleogene and earliest
Miocene persist to the present day with a sin-
gle post-extinction fossil representative (82%
extinction), and 18 of the 53 linear morphotypes
found in the Paleogene are known today, in-
cluding six post-extinction fossil representa-
tives (66% extinction). Geometric denticles
decline in relative abundance from 35% of pre-
extinction denticle assemblages to just 3% post-
extinction, which is a significant difference
(chi-square test, P < 0.01). Although the number
of denticles in the post-extinction samples is
lower than those pre-extinction, a rarefaction
analysis demonstrates that morphotype diver-

raw abundance counts of each morphotype in an individual sediment sample.
The shades of red in the top row indicate the number of extant families with
that morphotype. The y-axis ticks indicate all sediment samples inspected,
including those with teeth but no denticles. Right panels show the denticle
(red circles) and tooth (gray circles) accumulation rate and relative abundance
compared with teeth (blue triangles) for DSDP Site 596 and ODP Site 886,
first reported in (3). myr, million years.

sity post-extinction is significantly lower than
pre-extinction (fig. S6). The reduced abundance
and diversity across denticle types suggest that
this event affected all sharks; however, the
higher level of extinction of geometric denticle
morphotypes and their decline in relative abun-
dance post-extinction suggest that this early
Miocene event may have selectively extirpated
sharks restricted to the pelagic realm while
allowing at least some migratory lineages to
survive.

There is no clear environmental driver for
this substantial decline in pelagic sharks. The
early Miocene does not stand out in terms
of global climate (14-16), as it falls nearly
15 million years after the Eocene-Oligocene
transition (17) and several million years before
the relative warmth of the mid-Miocene Cli-
mate Optimum (I8). The Paleogene-Neogene
boundary occurred ~4 million years before
this event (19). Mixed evidence exists for an
increase in diatom diversity beginning around
this interval (20), along with an increase in
benthic foraminifera associated with high

sciencemag.org SCIENCE



RESEARCH | REPORTS

Fig. 2. Examples of some
distinctive linear and geometric
denticle types observed in
this study. (A) Linear denticles.
(B) Geometric denticles.
Numbers correspond to the

X axis in Fig. 1, and denticles
marked with the T symbol

are extinct. Full plates

of all denticle morphotypes
identified in this study are

in figs. S1 and S2.

productivity (21). However, this interval has
few well-studied or well-preserved deep-ocean
sediment records. Only ~10% of ocean dril-
ling sites that extend deeper than the early
Miocene have a potentially continuous early
Miocene section, which suggests a substantial
disruption to sediment accumulation around
this interval (fig. S13).

Pelagic sharks were not gradually driven to
extinction by the evolution of modern pelagic
top predator groups. Rather, the abrupt shark
extinction appears to have occurred several
million years before radiations in tunas and
billfish (22), seabirds (23), beaked whales (24),
baleen whales (25), and even migratory sharks
(26). A gap in whale fossilization that spans
the early Miocene shark extinction is asso-
ciated with a shift in the trajectory of baleen
whale evolution and a subsequent appearance
of crown filter-feeding whales. (27). It is pos-
sible that these new, large migratory marine
vertebrates contributed to the suppression of
pelagic sharks in the aftermath of the extinc-
tion, as denticle abundance and morphotype
diversity never recovered.

Before this early Miocene extinction, sharks
played a much larger role in the open-ocean
ecosystem than they do today. The transition
was geologically abrupt, likely occurring in
<100,000 years (1), and featured a >70% ex-
tinction in open-ocean sharks, followed by a
permanent evolutionary and ecological sup-
pression of the group to the present day. This
previously undocumented extinction marked
a tipping point for pelagic marine vertebrate
communities, setting the stage for middle-
Miocene radiations in the large, migratory
pelagic lineages now dominant in the modern
open ocean and fundamentally changing
pelagic vertebrate predator ecology. Anthro-

SCIENCE sciencemag.org
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pogenic stressors are rapidly decimating pop-
ulations of sharks, whales, and other large
marine predators, a trend that could upset
the system established after this similar, geo-
logically rapid extinction in pelagic predators
nearly 19 Ma.
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Prevalent, protective, and convergent IgG recognition
of SARS-CoV-2 non-RBD spike epitopes
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The molecular composition and binding epitopes of the immunoglobulin G (IgG) antibodies that circulate
in blood plasma after severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection are
unknown. Proteomic deconvolution of the IgG repertoire to the spike glycoprotein in convalescent
subjects revealed that the response is directed predominantly (>80%) against epitopes residing outside
the receptor binding domain (RBD). In one subject, just four IgG lineages accounted for 93.5% of the
response, including an amino (N)-terminal domain (NTD)-directed antibody that was protective against
lethal viral challenge. Genetic, structural, and functional characterization of a multidonor class of
“public” antibodies revealed an NTD epitope that is recurrently mutated among emerging SARS-CoV-2
variants of concern. These data show that “public” NTD-directed and other non-RBD plasma antibodies
are prevalent and have implications for SARS-CoV-2 protection and antibody escape.

he severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) spike ecto-
domain (S-ECD) folds into a multido-
main architecture (7, 2) and includes the
receptor binding domain (RBD), which
is essential for viral infectivity, and the struc-
turally adjacent amino (N)-terminal domain
(NTD), which plays an uncertain role. Humoral
immunity to the spike (S) surface glycoprotein
can correlate with protection (3), and it is the
primary antigenic target for most vaccines
and monoclonal antibodies (mAbs). That the
B cell repertoire can recognize multiple spike
epitopes is supported by extensive single-cell
cloning campaigns (4-9). However, the iden-
tity, abundance, and clonality of the immuno-
globulin G (IgG) plasma antibody repertoire
and the epitopes it may target are not known
(10-12). Divergence between the two reper-
toires is biologically plausible (13-17), and
the evidence in COVID-19 includes a paradox-
ical disconnect between virus-neutralizing
IgG titers and RBD-specific B cell immunity
(6, 11, 18, 19).
To analyze the IgG repertoire, we collected
blood during early convalescence from four
seroconverted study subjects (P1 to P4) who

experienced mild COVID-19 disease that mani-
fested with plasma virus-neutralization titers
in the lowest quartile (P1 and P3), the second
highest quartile (P2), or the highest quartile
(P4) compared to a larger cohort (table S1and
fig. S1). The lineage composition and relative
abundance of constituent IgG antibodies com-
prising the plasma response to either intact
stabilized S-ECD (S-2P (1)) or RBD was deter-
mined using the Ig-Seq pipeline (13, 14, 20)
that integrates analytical proteomics of affinity-
purified IgG fractions with peripheral B cell
antibody variable region repertoires (BCR-Seq).

IgG lineages detected by Ig-Seq in the S-ECD
fraction but absent from the RBD fraction were
deemed to be reactive with spike epitopes out-
side the RBD. In subject P3, we detected six IgG
lineages that bound to S-ECD (Fig. 1A). Four
of these (Lin.1 to Lin.4) accounted for 93.5%
abundance of the total plasma IgG S-ECD
response and exhibited extensive intralineage
diversity (fig. S2) indicative of clonal expansion
and selection. Notably, the top three lineages
(Lin.1 to Lin.3; >85% abundance) all bound to
non-RBD epitopes (S2 subunit or NTD). Bulk
serology enzyme-linked immunosorbent assays
(ELISAs) recapitulated the Ig-Seq result and

demonstrated similarly high levels of non-RBD-
binding IgG (P > 0.05) (Fig. 1B), confirming that
RBD-binding plasma antibodies constitute only
a minor proportion of all spike-binding IgG
in naturally infected individuals (21). In all
four subjects, the detected plasma IgG reper-
toire to S-ECD was oligoclonal, comprising only
6 to 22 lineages, with the top-ranked lineage
constituting 15 to 50% of the total abundance.
On average, 84% of the anti-S-ECD plasma IgG
repertoire bound to epitopes outside the RBD
(Fig. 1C), a finding consistent with data from
single B cell analyses (22), and the most abun-
dant plasma IgG lineage in all donors recog-
nized a non-RBD epitope (Figs. 1A and 2A and
fig. S3).

Binding analysis of P3 mAbs CM29 to CM32
representing the most expanded clones within
each of lineages Lin.1 to Lin.4 showed that
CM29 (Lin.1) recognizes the S2 subunit [dis-
sociation constant (Kp) = 6.6 nM], CM30 and
CM31 (Lin.2 and Lin.3 with Kp = 0.8 and
37.7 nM, respectively) were specific for the
NTD, and CM32 (Lin.4:) bound the RBD (Kp =
6.0 nM), as expected from the Ig-Seq differen-
tial affinity purifications (Fig. 1A and table S2).
CM30 potently neutralized authentic SARS-
CoV-2 in vitro [median inhibitory concen-
tration (ICs0) = 0.83 ug/ml] and CM32 was
slightly less potent (2.1 ug/ml), whereas CM29
and CM31 showed minimal neutralization ac-
tivity (Fig. 1D).

We then determined the capacity of mAbs
CM29 to CM32, singly and in combination, to
confer prophylactic protection in vivo to virus
challenge using the MA10 mouse model of
SARS-CoV-2 infection (23, 24). Even though
the RBD-directed mAb CM32 could neutral-
ize authentic virus in vitro and had relatively
high antibody-dependent cellular phagocyto-
sis (ADCP) activity (fig. S4), it did not protect
in vivo (fig. S5), possibly because of amino acid
changes in the MA10 virus. Similarly, no pro-
tection was observed for the non-neutralizing
S2-directed mAb CM29 or non-neutralizing
NTD-directed mAb CM31. The neutralizing mAb
CM30, derived from the top-ranking NTD-
targeting IgG lineage (21% abundance), was
the sole plasma antibody that conferred com-
plete protection to MA10 viral challenge (Fig. 1,
E and F, and fig. S5). Administration of a cock-
tail comprising the top non-RBD plasma mAbs
CM29 to CM31 (>85% of the IgG plasma lin-
eages to S-ECD; Fig. 1A) showed the most
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Fig. 1. Most plasma IgG antibodies bind non-RBD spike epitopes such

as the NTD. (A) Affinity purification using spike S-ECD (1) or RBD for subject P3.
Plasma IgG lineage identities, binding specificity, and relative abundance were
mapped by means of Ig-seq proteomics (14), facilitating recombinant plasma mAb
characterization; anti-RBD (green); anti-S2 (blue); and anti-NTD (red). (B) IgG
ELISA binding (1:150 plasma dilution) to S-ECD alone or in the presence of RBD
(50 ug/ml) [S-ECD(RBD-)] or S-ARBD deletion mutant. (C) Quantitative Ig-seq
determination of anti-RBD and non-RBD IgG mAb abundance in early convalescent

plasmas across four subjects. (D) Authentic virus neutralization (in duplicate) of
the four most abundant plasma IgGs (CM29, CM30, CM31, CM32) from plasma
lineages Lin.1, Lin.2, Lin.3, and Lin.4 in subject P3. (E and F) Prophylactic
protection of 12-month-old BALB/c mice (n = 5 per group) against lethal challenge
with a high dose (10* PFU) of mouse-adapted (MA10) SARS-CoV-2. Cocktail of
non-RBD mAbs (200 ug per mouse) at 2:1:1 ratio reflecting their relative plasma
abundance. **P < 0.005; ****P < 0.0001, determined by one-way analysis of
variance (ANOVA) with Dunnett's multiple comparisons test.

robust protection and lung viral titers below
the limit of detection in high-viral load chal-
lenge [10* plaque-forming units (PFU)].
Subject P2, with ~10-fold higher neutraliz-
ing titer compared with subject P3 (fig. S1
and table S1), displayed a more polyclonal IgG
response (Fig. 2A), with 12 out of 15 lineages
(>80% total abundance) in the anti-S-ECD
repertoire recognizing non-RBD epitopes.
Conspicuously, as with P3, the most abun-
dant S-ECD-directed plasma antibodies target
the S2 subunit, with the four topmost lineages
(68% total abundance) binding to S2. mAbs
CM25 and CM17, representative of two NTD-
targeting lineages each constituting ~2.5% of
the response at day 56 (Ig-Seq Lin.6 and Lin.9)
(Fig. 2A), were both encoded by unmutated
or near-germline immunoglobulin G heavy-
chain variable region 1-24: (IGHV1-24). We found
an additional NTD-targeting unmutated IGHV1-
24 plasma mAb (CM58) in subject P4. CM17,
CM25, and CM58 bound S-ECD with similar
single-digit nanomolar affinity (Fig. 2B and
table S2), and all three potently neutralized
SARS-CoV-2 virus, with IC5, values of 0.01
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to 0.81 ug/ml comparable to those of S309
anti-RBD control (25) (Fig. 2C, fig. S6, and
table S2). For all three mAbs, preadministra-
tion in the MA10 mouse model resulted in
significantly reduced lung viral titers after
infection with 10° PFU (Fig. 2D; P < 0.001),
resulting in 100% survival, compared with
just 40% in the control group (Fig. 2E). CM17-
and CM25-treated cohorts exhibited only mini-
mal weight loss (Fig. 2F). Thus, IGHV1-24 is
intrinsically suited for potent and protec-
tive targeting of the NTD.

B cell expression of IGHV1-24 in COVID-19
(~5 to 8%) (5, 7, 26) is ~10-fold higher than in
healthy individuals (0.4 to 0.8%) (27). More-
over, we could detect IGHV1-24 plasma anti-
bodies only in S-ECD fractions (mean 3.7%)
but not among anti-RBD IgGs (Fig. 3, A and
B). Alignment of CM17, CM25, and CM58
with four neutralizing IGHV1-24 anti-NTD
mADbs cloned from peripheral B cells [4A8
(4), 1-68 (5), 1-87 (5), COVA2-37 (7)] and an
additional antibody [COV2-2199 (8)] identi-
fied a class of convergent heavy-chain variable
(V) immune receptor sequences (Fig. 3C). In

all cases, three glutamate (Glu) residues (Glu®®,
Glu®®, and Glu®) located in complementarity-
determining region-H1 (CDR-H1), CDR-H2,
and framework H3 (FWR-H3), respectively, as
well as a phenylalanine (Phe) residue (Phe®®)
in CDR-H2, were invariably unmutated and
are specific to the electronegative IGHV1-24
[isoelectric point (pI) = 4.6]. The convergent
Vg genes paired promiscuously with six distinct
light-chain variable (V;) genes, yet CDR-H3
peptide lengths were restricted (14 or 21 amino
acids) (table S3). A “checkerboard” binding-
competition experiment (Fig. 3D) indicated
the presence of at least two epitope clusters on
the NTD, including one targeted by all of the
tested IGHV1-24 mAbs (4A8, CM25, CM17,
CM58, and 1-68) and the IGHV3-11 mAb CM30.
Another NTD epitope was identified by CM31
(IGHV2-5, 6.4% mutation), which overlapped
with CM30 (IGHV3-11; 3.1% mutation), CM58,
and 1-68 but did not compete with the other
three IGHV1-24 NTD mAbs.

To better understand the IGHV1-24 inter-
actions with the spike NTD, we determined a
cryo-electron microscopy (EM) structure of
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Fig. 2. Protective spike NTD-targeting antibodies are prevalent in COVID-19 convalescent plasma. (A) Temporal Ig-seq dynamics of the anti-S-ECD IgG
repertoire at days 12 and 56 after symptom onset. (B) Biolayer interferometry (BLI) sensorgrams to S-ECD ligand of anti-NTD mAbs CM17, CM25 (subject P2),
and CM58 (subject P4). (C) In vitro live virus neutralization (performed in duplicate). (D to F) In vivo prophylactic protection of 12-month-old BALB/c mice

(n = 5 per group) against high-dose intranasal challenge (10° PFU) of mouse-adapted (MAIQ) SARS-CoV-2. ***P < 0.0007; ****P < 0.0001, determined by one-way
ANOVA with Dunnett's multiple comparisons test.
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Fig. 3. Genetic basis of a shared, or public, class of IGHV1-24 plasma specific IGHV1-24 residues. Heatmap shows recombinant mAb affinity (Kp) and
antibodies targeting the spike NTD. (A) IGHV usage of plasma antibodies live-virus neutralization (ICsp) for individual antibodies. (D) Competitive BLI
in all subjects (n = 4). (B) Comparative IGHV1-24 usage of anti-S-ECD (IgG-ECD)  binding assay (“checkerboard competition”) of NTD-binding mAbs found in this
and anti-RBD (IgG-RBD) plasma antibodies, or in depleted S-ECD affinity study (CM17, CM25, CM58, CM30, and CM31) and others (4A8 and 1-68).
column flow-through (IgG-ECD,egFT) in all subjects (n = 4). I1gG-RSV/TIV: RBD-binding mAbs CM32 and CR3022 included for comparison. Numbers
IgG specific to respiratory syncytial virus (RSV) or trivalent influenza vaccine refer to the shift, in nanometers, after second mAb binding to the preformed
hemagglutinin HAL (TIV) in healthy controls after vaccination (n = 6). **P < 0.01,  mAb-NTD complex. Dashed box drawn to highlight strong competition
determined by Mann-Whitney U test. (C) Sequence alignment of IGHV1-24 (<0.1 nm shift) among 4A8 and three IGHV1-24 mAbs examined in this study.
neutralizing anti-NTD IgGs from plasma (CM17, CM25, and CM58) or from Abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp;
peripheral B cells [4A8 (4), 1-68 and 1-87 from a subject with ARDS (5), E, Glu; F, Phe; G, Gly; H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;

COV2-2199 (13), and COVA2-37 (mild disease subject)] (7). Arrows point to Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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CM25 Fabs bound to trimeric S-ECD (Fig. 4A | interface, mainly through a stacked hydro-
and figs. S7 and S8). Focused refinement of | phobic interaction between CDR-L2 Tyr*® and
the CM25-NTD interface resulted ina 3.5-A | Pro®’ within the N5 loop. Distinctive germline
reconstruction that revealed a heavy-chain- | IGHVI-24 residues contribute 20% (149 A?) of
dominant mode of binding, with substantial | the total binding interface. CDR-H1 interacts
contacts mediated by interactions among the | extensively through hydrogen bonds and con-
three CDRs and the N3 and N5 loops of the | tacts between hydrophobic residues, including
NTD (Fig. 4B). The light chain contributes | a salt bridge formed between the conserved
only 11% (86 A2) of the total CM25 binding | Glu®° residue and the N5 loop residue Arg>*®
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Fig. 4. Structural basis of public IGHV1-24 plasma antibodies, NTD mutations, and antibody escape.
(A) Side and top views of the structure of CM25 Fab bound to S-ECD shown as cryo-EM density. (B) Focused
refinement density revealing a V-dominant mode of binding, with substantial contacts mediated by
interactions among the three CDRs and the N3 and N5 loops of the NTD. (C) CDR-H1 interaction includes
a salt bridge formed between the distinctively encoded Glu®® residue and the N5 loop residue Arg®*®;

the distinctive Phe®® residue in CDR-H2 forms a pi-cation interaction with Lys'* in the N3 loop. (D) The AV
dipeptide interaction with the N3 and N5 loops of the NTD is structurally conserved between mAbs CM25
(red) and 4A8 (pink). (E) Normalized shift (logz) in binding Kp, as measured by differential BLI affinities
for single Ala mutants and parental D614G spike protein. (F) Authentic virus neutralization of CM25 and 4A8
against wild-type (WT), double S-N3/N5 loop mutants, and South Africa (SA) B.1.351 viral variant.
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(Fig. 4C). The common IGHV1-24 Phe® residue
in CDR-H2 forms a pi-cation interaction with
Lys1*” in the N3 loop (Fig. 4C). CM25 contains
a 14-amino acid CDR-H3 loop that contributes
35% (261 A?) of the total interface, including
the AV aliphatic motif found in all but one of
the convergent IGHV1-24 NTD-binding mAbs.
Ala'® and Val'™ are buried at the interface
in a binding pocket framed by the N3 and N5
loops. A comparison of CM25 with an extant
structure of an IGHV1-24 NTD-binding anti-
body isolated by B cell cloning, 4A8 (4), revealed
that the AV dipeptide interaction is structurally
conserved, and the 21-amino acid CDR-H3 of
4A8 extends along the outside of the NTD, con-
tributing three additional contacts and 46%
(415 A?) of the total binding interface (Fig. 4D).
Both structures show extensive contacts be-
tween the heavy chain of the Fabs and the NTD
N3 and N5 loops. The Glu®®-Arg?* salt bridge
and an identical CDR-H2 contact between
Phe® and Lys""” are conserved in the 4A8-NTD
interface.

SARS-CoV-2 variants of concern contain mu-
tations in the NTD N3 and N5 loops, including
Y144/Y145A and K147E (UK lineage B.1.1.7),
W152C (California B.1.429), and 242-244A or
R2461 (South Africa B.1.351). Alanine substi-
tutions at several of these positions ablated
binding or reduced affinity more than five-
fold by public IGHV1-24 antibodies, as exem-
plified by 4A8, CM17, and CM25 (Fig. 4E and
fig. S9), a result consistent with the CM25-NTD
and 4A8-NTD structures. Additionally, we con-
firmed that an engineered N3-N5 double mutant
and native B.1.351 (28) both evade neutralization
by mAbs CM25 and 4A8 (Fig. 4F). Thus, muta-
tions in SARS-CoV-2 variants confer escape from
public neutralizing anti-NTD antibodies.

In conclusion, we find that the convalescent
plasma IgG response to SARS-CoV-2 is oligo-
clonal and directed overwhelmingly toward
non-RBD epitopes in the S-ECD. This includes
public, near-germline, and potently neutraliz-
ing antibodies against the NTD. The extent to
which public anti-NTD antibodies contribute
to protection is likely related to their relative
concentrations in plasma, which can be domi-
nant in some individuals. Our finding that
mutations present in circulating SARS-CoV-2
variants can impair or ablate binding and neu-
tralization by public anti-NTD antibodies may
constitute a mechanism of viral escape in a
subset of the population. Numerous other NTD
mutations—which overlap with the structural
epitope recognized by the public IGHV1-24
antibody class—have been described in addi-
tional circulating variants, in laboratory escape
mutants, and in immunocompromised patients
(12, 29-33).
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Plastic Discs and Annular Absorbers
Employing precision-moulding and
die-cutting processes, Porvair Sci-
ences can efficiently convert hydro-
philic Vyon porous plastic into discs
and annular-shaped parts to tightly
toleranced specifications. These
versatile approaches enable Porvair
to offer high-performing, precisely manufactured products in di-
ameters ranging from 3 mm to 1 m using any of its hydrophilic Vyon
materials options, up to 4.75 mm thick. Hydrophilically treated Vyon
materials have exceptional absorption and fluid-transfer properties
and therefore, can be implemented as an efficient absorber with
their instantaneous wetting properties. Due to the tortuous path of
its porous structure, hydrophilic Vyon can efficiently filter and trap
contaminants while allowing for effective delivery of drugs in various
forms, such as solutions, suspensions, and emulsions. It has been
tested to the most rigorous of United States Pharmacopeia classes
and certified with a Class VI approval.

Porvair Sciences

For info: +44-(0)-1978-661144
www.vyonporousplastics.com/material-treatments

High-Performance Beam Collimators

Optical Surfaces announces a new series of high-performance beam
collimators designed for modulation transfer function testing of opti-
cal systems. LW-series beam collimators incorporate a low-expansion
off-axis parabolic mirror manufactured to better than A/10 p-v surface
accuracy. The optics within the collimators are secured by the use of
stress-free mounts and come prealigned for optimum performance.
Their off-axis design produces no central obscuration, ensuring highly
efficient transmission. The all-reflecting design of LW-series beam
collimators is achromatic, and their aluminium/magnesium fluoride
coatings enable them to operate from the UV to the infrared without
adjustment. Using low-expansion glass mirror substrates, these col-
limators provide high operational stability and performance. Each sys-
tem has an output port datum plane, giving a defined distance to the
focus. Each system is also supplied with an easy-to-use alignment aid
to identify the center of the focal plane. All LW-series beam collimators
provide a 20-mm field, ensuring full compatibility with standard black
bodies.

Optical Surfaces

For info: +44-(0)-208-668-6126

www.optisurf.com

Biotinylated Heparan Sulfate Antibodies

AMS Biotechnology has launched two new biotinylated formats of

the heparan sulfate 10E4 antibody (high and low biotin) along with a
starter pack, to allow scientists to test both formats at a reduced cost.
Heparan sulfate (HS) is a highly sulfated linear polysaccharide that is
attached to a core protein to form HS proteoglycans on the cell mem-
brane or in the extracellular matrix. In particular, HS has emerged as
a key factor in infection by the SARS-CoV-2 virus, which is the cause of
the COVID-19 coronavirus pandemic. Biotinylated antibodies are often
used for the detection of low-abundance proteins. The process of bio-
tin labeling is also frequently used as a nonradiative labeling method
for proteins and as a protein purification technique. Biotin conjugation
of the heparan sulfate 10E4 antibody confers many advantages by
removing the need for conjugated secondary antibodies to quantify

new products

the level of detection/binding in immunological assays.
AMS Biotechnology

For info: +44-(0)-1235-828200

www.amsbio.com

Automated Protein Purification

Automate your protein purification while maintaining sample integ-
rity using the Thermo Fisher Scientific KingFisher Apex instrument. It
automates protein isolation at low sample input volumes and produces
yields high enough for LC-MS and Western downstream applications.
The flexible design supports common applications as well as custom
magnetic-based biomolecular separation—all with little hands-on time.
It comes with user-defined, controlled cooling and heating options

to maintain sample integrity. You can create and modify protocols to
optimize the isolation of difficult-to-express proteins. KingFisher Apex
supports 24- and 96-well plate formats for high-throughput processing.
It produces consistent yields for downstream applications, such as im-
munoprecipitation, phage display, peptide mapping, and quantitation.
Thermo Fisher Scientific

For info: 800-955-6288

www.thermofisher.com/us/en/home

Nasal Swab for COVID-19 Testing

Melbourne-based Rhinomed Limited has provided evidence that its
Rhinoswab provides superior performance for COVID-19 testing as
well as making nasal sampling easier and more comfortable for users.
Dual-nostril Rhinoswab has been developed to provide more comfort-
able, accurate, and standardized nasal sample collection that people
can do themselves. Rhinoswab offers significant potential community
benefits, including lessening the burden and risk to health care work-
ers. In December 2020, the company established that Rhinoswab was
comparable to existing standard-of-care nasal swabs in detecting the
SARS-CoV-2 virus using RT-PCR testing, through testing at the Victorian
Infectious Diseases Reference Laboratory (Peter Doherty Institute).
Rhinomed has further refined the swab technology by improving the
nylon flock used on the swab. Rhinoswab has recently been approved
for sale in the Australian market, is listed on the Australian Register of
Therapeutic Goods, and has class 1 registration with the U.S. Food and
Drug Administration.

Rhinomed Limited

For info: 866-316-0671
www.rhinomed.global/about-rhino-med/sample-collection

Hyperspectral Sensor Chlorophyll Fluorescence Measurements
The Hyperspec Solar Induced Fluorescence (SIF) imaging sensor from
Analytik is ideal for remote sensing, particularly in plant and crop
photosynthesis and climatology applications where high-resolution
chlorophyll fluorescence measurements are vital. Its pushbroom sen-
sor collects hyperspectral image data with 1,600 spatial pixels per line
at extremely high spectral resolution (0.1 nm-0.2 nm full width at half
maximum) across the chlorophyll fluorescence emission spectrum
from 671 nm to 780 nm. This allows both the important oxygen-A and
oxygen-B bands (02-A and O2-B) to be exploited for more accurate in-
sight into photosynthetic processes. With this data, environmental sci-
entists can gain a better understanding of plant physiology and stress.
The Hyperspec SIF imaging sensor is purpose-built for deployment on
manned aircraft or for field-based work, such as measurements from
environmental observation towers.

Analytik

For info: +44-(0)-1954-232-776

analytik.co.uk

Electronically submit your new product description or product literature information! Go to www.sciencemag.org/about/new-products-section for more information.

Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are featured in this
space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or materials mentioned is not

implied. Additional information may be obtained from the manufacturer or supplier.
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City University of Hong Kong (CityU) is one of the world's leading universities, known
for innovation, creativity and research. We are now seeking exceptional scholars to
join us as Assistant Professors/Associate Professors/Professors/Chair Professors
(on substantiation-track) in all academic fields with special focuses on One Health,
Digital Society, Smart City, Matter, Brain, and related interdisciplinary areas. Research
fields of particular interest include, but not limited to:

- biomedical science and engineering - fintech and business analytics
+ computer science and data science = computational social sciences
« neuroscience and neural engineering « digital humanities

« bio-statistics and Al-healthcare = digital and new media

» smart/semi-conductor manufacturing » law and technology

= Al/robotics/autonomous systems = private law

+ aerospace and microelectronics engineering + healthy, smart and sustainable cities
- energy generation and storage
= digital business and innovation management

Successful candidates should have a demonstrated ability to build a world-class research programme related
to Cityll's strateqgic research areas, plus a commitment to education and student mentorship. Candidates must
possess a doctorate in their respective field by the time of appointment.

To apply, please submit your curriculum vitae through the website:
https://www.cityu.edu.hk/provost/global-recruiting

City University of Hong Kong is an equal opportunity employer. We are committed to the principle of diversity. Personal data
provided by applicants will be used for recruitment and other employment-related purposes.

Worldwide recognition ranking #48, and #4 amang top 50 universities under age 50(05 survey 2021); #1 in the World's Mast International
Universities (THE survey 2020) #1 in Engineering/Technology/Computer Sciences in Hong Kong (ARWLU survey 2016); and #1 Business
School in Asio-Pacific region (UT Dallas survey 2019).
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Chinese Academy of Sciences

Who's the top
employer for 2020? q

SHEE LAl annual. surve)f Established in partnership between the Chinese Acade-
reveals the top companies in biotech my of Sciences and the Shenzhen Municipal Govern-

] ment, the Shenzhen Institute of Advanced Technology
& pharma voted on by Science //I (SIAT) is a newly-created university with an objective to
readers. / become the world's preeminent institute for emerging

. science and engineering programs. SIAT is equipped
Read the article and employer profiles SClence 2020 with state-of-art teaching and research facilities and is

TOP EMPLOYER dedicated to cultivating international, visionary, and in-
terdisciplinary talents while delivering research support

to pursue innovation-driven development.

at sciencecareers.org/topemployers

SIAT is located in Shenzhen, also known as the “Silicon
Valley of China,” a modern, clean, and green city,
well-known for its stunning architecture, vibrant econo-
my, and its status as a leading global technology hub.
SIAT is seeking applications for faculty positions of all
ranks in the following academic programs: Computer
Science and Engineering, Bioinformatics, Robotics,
Life Sciences, Material Science and Engineering, Bio-
medical Engineering, Pharmaceutical Sciences, Syn-
thetic Biology, Neurosciences, etc. SIAT seeks individ-
uals with a strong record of scholarship who possess
the ability to develop and lead high-quality teaching
and research programs. SIAT offers a comprehensive
benefits package and is committed to faculty success
throughout the academic career trajectory, providing
support for ambitious and world-class research proj-
ects and innovative, interactive teaching methods.

Futher information:

[http‘.ﬂn'engh'sh.siat.:as,anDPNw“

myIDP: A career plan customized
for you, by you.

L Ve di

For your career in science, there's only one

Features in myIDP include:
= Exercises to help you examine your skills, interests, and values.

= Alist of 20 scientific career paths with a prediction of which ones best
fit your skills and interests.

©

Visit the website and start planning today!
mylIDP.sciencecareers.org
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WORKING LIFE

By Natalia Aristizabal

1118

Seeing beyond a test

he third time I took the Graduate Record Examination (GRE) was going to be my last, regard-
less of how I scored. I had long harbored dreams of pursuing a Ph.D., and I wanted to do well
because the exam is key for admission to many U.S. graduate programs. But I couldn’t afford to
retake it, emotionally or financially. I was unemployed at the time and my partner and I were
trying to get by on his postdoc salary. I'd taken the exam 7 years earlier, but my scores were so
low I didn’t even bother applying to Ph.D. programs. Now, I was giving it one more shot.

I didn’t know what standardized tests
were until high school, when I immi-

the lead author—my first—was ac-
cepted for publication. Slowly, I began

grated from Colombia to the United
States. I wanted to attend college so
I took the American College Testing
exam. Fortunately, my high school of-
fered a free prep course and I man-
aged to achieve good enough scores
to get into college with financial aid.
During my first year, I told my
biology professor I was passion-
ate about studying and protecting
nature. He offered me a position
in his lab, which taught me how to
conduct research and what a career
in academia looks like. Then, in my
third year I was selected for a pro-
gram that prepares undergraduate
students from underrepresented
groups for doctoral studies. As I
neared graduation, applying to grad
school felt like a natural next step.
But then I took the GRE and bombed, testing below av-
erage in all sections. I couldn’t afford to enroll in a prep
course, which cost upward of $3000. Instead, I had studied
using a $40 test prep book. As a native Spanish speaker, I
found the verbal section demoralizing. But what was even
more daunting was the way the test was administered:
Correct answers were followed by harder questions. That
affected me psychologically: When easier questions ap-
peared, I assumed I'd gotten the previous question wrong.
Convinced I would perform better and manage my test
anxiety with more preparation, I took time off after gradu-
ation to study full time. But my scores didn’t improve on
my second try. My hopes of becoming a scientist vanished.
Over the next few years, I took a series of temporary jobs.
I worked in a molecular biology lab troubleshooting proto-
cols. Then I moved to Brazil—a place I'd always wanted to
live—and found jobs studying birds in the Amazon rainfor-
est and curating specimens in a natural history museum.
That connected me with professors in Brazil, where I was
accepted into a master’s program.
After I defended my master’s thesis, a paper on which I was

“lwonder what I'd be doing if the
admissions committee had
not overlooked my GRE scores.”

to see myself as a scientist. I wanted
to continue down the academic path.
So after my partner and I moved to
Boston for his postdoc, I summoned
the courage to give the GRE one last
try. I studied for weeks and paid
$205 to book an appointment.

I remember how anxious I was
as I walked into the windowless,
dimly lit exam center, aware my
performance that day could make or
break my dream of pursuing a Ph.D.
As the test proceeded, I thought it
was going OK. But when my score
appeared on screen immediately af-
terward, my stomach dropped. I'd
scored even lower than my first two
attempts. I felt defeated.

Afterward, I reached out to a pro-
fessor who I'd been in contact with
before my exam appointment. I felt insecure and embar-
rassed about my scores, but our conversation left me reas-
sured. He told me about research suggesting the GRE is
a better measure of race, ethnicity, and income than aca-
demic ability, and he ended by saying, “I will go to battle for
you in front of the admissions committee.” His confidence
in my potential encouraged me to continue applying.

Weeks later, when I received an offer from his university,
I felt a mixture of excitement and disbelief. I was filled with
joy, but I also couldn’t believe how much time, energy, and
expense it had taken to get into a Ph.D. program.

Now in my third year, I have no doubt I am where I need
to be. Still, I wonder what I'd be doing if the admissions
committee had not overlooked my GRE scores. It pains me
to think how many people are kept out of science not for a
lack of talent, but because they didn’t excel at a standard-
ized test. Many graduate programs, including my own, have
decided to drop the GRE requirement in recent years—and
I hope many others will follow.

Natalia Aristizabal is a Ph.D. candidate at the University of Vermont.
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BioDesign Research is a Science Partner Journal published in affiliation with Nanjing Agricultural University (NAU)
and distributed by the American Association for the Advancement of Science (AAAS). BioDesign Research
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Immune Cell Engineering

Modifying Cells for Immunology & Cell Therapy Research

Immune Cell

The ability to genetically modify immune cells provides a powerful tool to sense

and treat diseases that our natural immune system cannot normally handle. ProMab’s
established CAR-T CRO platform allows us to work not only with T cells but also
advance research in other immune cell types by utilizing highly capable cellular
engineering techniques such as gene editing, viral transduction, setting up model
cell systems, or performing detailed cell-based assays.
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Types of Cells:
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All products are for research only

Discover more | www.promab.com

% ) 2600 Hilltop Dr, Building B, Suite C320, Richmond, CA 94806
ProMab . 1.866.339.0871 | = info@promab.com
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