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EDITORIAL

Clarity on the crackdown

ess than a month after his inauguration, U.S.
President Biden moved to reverse policies that
have deterred foreign students and high-skilled
workers from coming to the United States. This
is good news. The exchange of culture and
knowledge drives innovation, which in turn
builds the nation’s economy and competitive-
ness on a global scale. But some countries, especially
China, continue to present a dilemma when it comes
to national security. In trying to strike a balance be-
tween preserving a culture of openness and protect-
ing U.S. research, missteps can occur—and that can be
detrimental to U.S. science.

In 2018, the U.S. Department of Justice established
its China Initiative to crack down on espionage. Nu-
merous scientists and engineers, mostly Chinese and
Chinese American, have been accused or convicted of
a wide range of acts, such as hid-
ing their ties to China. Certainly,
guilty individuals have been identi-
fied. But what is concerning are the
prosecutorial methods wielded un-
der the China Initiative. Many out-
standing scientists, mostly Chinese
American, are being investigated
for not properly disclosing certain
associations with China. Even rou-
tine responsibilities, such as rec-
ommending students for jobs and
awards, or serving as a reviewer
on grants, are being portrayed as
crimes. Some professors and many
trainees have had to leave their positions or training
after the termination of grants from U.S. agencies. The
scale and obscurity of these matters threaten to damage
research and innovation in the United States as Chinese
and Chinese American scientists find themselves under
constant suspicion for activities that are routine in aca-
demic collaborations.

If this clampdown is to continue, then more effective
efforts must be made to distinguish normal, construc-
tive international collaboration from genuine acts of
espionage and financial malfeasance. At the same time,
U.S. citizens who come under scrutiny must be granted
the same rights under the law as their fellow Ameri-
cans, regardless of their ethnicity or country of origin.
Toward this end, more clarity is needed from the federal
government and from university administrators. For ex-
ample, federal guidelines and enforcement of policies
requiring U.S. academic scientists to report interac-

“Even routine
responsibilities...

are being
portrayed as
crimes.”

tions with foreign universities and organizations have
changed substantially over the past few years. However,
few universities have developed procedures to commu-
nicate these changes to their faculty. Nor have univer-
sity grant administrative staff been trained to monitor
and respond to the changes effectively. All federal agen-
cies supporting unclassified research should present
a single set of guidelines to the academic community,
and host institutes should be audited to ensure that
investigators have been informed of disclosure policies
and best practices. If interactions with China are to be
considered a special case, this should be made clear in
federal guidelines as well, especially regarding collabo-
rations and academic advising outside of federally sup-
ported programs.

It is particularly concerning that many scientists
who are currently under investigation have been un-
fairly stripped of federal funding
without due process. There should
be a process wherein the actions
of such individuals are consid-
ered relative to the guidelines of
the federal agencies before termi-
nation of funding. The host uni-
versity or institute could conduct
an investigation in conjunction
with the appropriate government
agency, similar to the procedure in
cases of scientific misconduct.

The scientific community, through
organizations such as the U.S. Na-
tional Academies of Sciences, Engi-
neering, and Medicine and American Association for the
Advancement of Science (AAAS, the publisher of Science),
should also examine the history of engagement of U.S.
scientists with international scientists and agencies, issu-
ing reports on their societal benefits and risks. This study
should include, but not be limited to, the current focus on
China. To better monitor the impact of the China Initia-
tive, the scientific community should keep a database of
all scientists who have been, or are being, prosecuted or
publicly investigated.

As the nation strives to reopen its doors to foreign
students and scientists, it’s important to remember
that the strength of the U.S. scientific enterprise is its
culture of academic openness to support discoveries
that transform the country and the world. Let’s not
jeopardize that preeminence.

-Harvey Lodish, Jianzhu Chen, Phillip Sharp

Harvey Lodish,
Jianzhu Chen,

and Phillip Sharp
are professors in the
Department of Biology
at the Massachusetts
Institute of Technology,
Cambridge, MA,

USA. lodish@wi.mit.
edu; jchen@mit.edu;
sharppa@mit.edu
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Coronamiide

Anew German word meaning “exhausted with everything to do with the pandemic,” according to
the Leibniz Institute for the German Language. It is one of more than 1200 recently created German
words about COVID-19 compiled by the institute. A full list is at http://scim.ag/2Nt4UsQ.

U.S. President Joe Biden (left), Vice President Kamala Harris (second from right), and their spouses honor the more than 500,000 Americans who have died from COVID-19.

Fund for vaccine equity nears goal

covip-19 | Efforts to equitably distribute
COVID-19 vaccines around the globe
received a crucial cash infusion last week.
At a virtual meeting of the Group of Seven
countries, several pledged more money
through the COVID-19 Vaccines Global
Access (COVAX) Facility’s Advance Market
Commitment, set up by the World Health
Organization (WHO) and others to pay for
vaccine doses for low- and middle-income
countries. The United States pledged

$2 billion already appropriated by Congress,
plus another $2 billion contingent on
others contributing. Germany offered
€980 million and the European Union
€500 million, bringing overall funding to
$6.3 billion—close to the $7 billion WHO
says is needed to pay for 2 billion doses

by the end of this year. First doses of the
AstraZeneca-University of Oxford and
Pfizer vaccines are scheduled to be deliv-
ered through the COVAX Facility in coming
weeks. But money alone isn’t enough to
help poor countries if wealthy ones continue
to gobble up available vaccine supplies and
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reduce the number of doses the COVAX
Facility can buy, WHO Director-General
Tedros Adhanom Ghebreyesus warned at
a 22 February press conference.

U.S. sees drop in foreign students

GRADUATE EDUCATION | The number of
international students starting U.S. graduate
programs dropped steeply last fall, most
likely because of travel restrictions from the
pandemic. The Council of Graduate Schools
reported last week that 26% fewer students
from other countries began U.S. doctoral
programs in 2020 compared with 2019,
and 43% fewer started masters’ programs.
International students continued to favor
U.S. institutions, filing 3% more applications
than in 2019, despite fears that restrictive

immigration policies would dampen interest.

Budget boost for NSF, NIST?

PANDEMIC RELIEF | The U.S. National
Science Foundation (NSF) is in line for
$600 million as part of the massive corona-
virus pandemic relief bill moving rapidly

through Congress. Both that amount and
$150 million for the National Institute of
Standards and Technology were expected to
be added to the $1.9 trillion spending plan
after Science went to press. The measure is
designed to help the nation recover from
the pandemic’s devastating impacts, includ-
ing damage to its science and technology
enterprise. The bill already contains

$100 million for researchers to study effects
on student learning. The NSF money could
include support for early-career scientists.

U.K. board OKs ‘challenge’ trial

covip-19 | A UK. ethics board last week
said a research team there can begin to
intentionally infect volunteers with the
pandemic coronavirus, in a world-first,
hotly debated experiment intended to
accelerate research on vaccines against
the disease. As a first step, the “human
challenge” experiment will determine the
lowest dose of the virus needed to infect
90 healthy volunteers ages 18 to 30. The
researchers then plan to give additional
volunteers existing vaccines against the

sciencemag.org SCIENCE

PHOTO: EVAN VUCCI/AP PHOTO



PHOTO: USFWS NATIONAL BLACK-FOOTED FERRET CONSERVATION CENTER

virus and “challenge” them with the infec-
tious dose, given into the nose. Scientists
have said that despite the success of
multiple vaccines in recent months, the
trials could offer vital information about
differences in their efficacies and the
immune mechanisms behind protection.
Critics contend the risk to the volunteers,
who will be quarantined and paid for their
time, isn’t worth the potential benefit
because traditional vaccine efficacy trials
can answer the most critical questions.

Pregnancy hoosts infection rate

PUBLIC HEALTH | The pandemic coronavirus
infected pregnant women in Washington
state from March to June 2020 at a rate
70% higher than it did nonpregnant adults
of the same age, a large retrospective study
has found. When researchers excluded
pregnant women who had no COVID-19
symptoms but tested positive for the virus
during routine screening, the infection

rate still exceeded the control group’s by
30%. Nonwhite women who were pregnant
appeared to be markedly more susceptible.
Previous research found an elevated risk of
severe illness in pregnant women infected
with the coronavirus, which combined with
the new findings suggests U.S. authori-

ties should prioritize them for COVID-19
vaccinations, wrote the authors of the
study, published last week in the American
Journal of Obstetrics & Gynecology. Also last
week, manufacturers Pfizer and BioNTech
launched a placebo-controlled clinical trial
of their vaccine in pregnant women.

FDA warns of oximeter flaws

piAGNosTIcs | Under pressure from
physicians and lawmakers, the U.S. Food
and Drug Administration (FDA) last week
acknowledged that pulse oximeters—devices
that measure oxygen levels and are com-
mon in COVID-19 care—are less accurate for
people with darker skin. Research has long
suggested racial bias in the devices, which
attach to the fingertip and use light beams to
estimate the oxygen saturation of blood. (A
recent study found they were almost three
times as likely to miss low blood oxygen in
Black patients than in white ones.) In an
alert, FDA did not refer specifically to racial
bias but said factors such as skin pigmenta-
tion, thickness, and temperature could affect
accuracy. It urged patients and caregivers

to pay more attention to trends in readouts
than individual measurements, and not to
rely on oximeters alone to gauge health.

SCIENCEMAG.ORG/TAGS/CORONAVIRUS
Read Science's online coverage of the pandemic.
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Ferret cloned for restoration

Researchers have cloned one of the most en-
dangered mammals in North America, which
could boost the species’ genetic diversity

and aid restoration efforts. The black-footed
ferret clone (left), born in December 2020
and named Elizabeth Ann, is the first clone
of an endangered animal native to North

America. Members of other endangered spe-
cies have been cloned, but few of the offspring have survived their first
month and none has been reintroduced to the wild. (In August 2020,
for example, San Diego Zoo Global announced the successful cloning
of a Przewalski’s horse, an endangered species that went extinct in
the wild but has been reintroduced in Mongolia using captive-bred
animals.) Black-footed ferrets were thought to be extinct in North
America until 1981, when a rancher in Wyoming found a small popula-
tion. After captive breeding and reintroductions, several hundred of
the ferrets now live in the wild—all descended from seven individuals.
One of the original captured ferrets, named Willa, has no surviving
offspring. Her cells had been frozen and were used to clone the new
ferret, the U.S. Fish and Wildlife Service said last week.

Reef studies exclude locals

MARINE SCIENCE | Scientists from poor
nations that hold many of the world’s
tropical coral reefs are often excluded
from research teams that “parachute” in
for studies, concludes an analysis this
week in Current Biology. The authors
examined nearly 3700 studies published
from 1969 to 2020. Many lead authors
came from wealthier nations with few
or no reefs, they found. In a subset of
305 studies from Indonesia, the
Philippines, and Australia, they found
that 40% of the Indonesian and the
Philippine studies had no local co-
authors, versus 22% for Australia. To help
coral reefs, the authors say more equi-
table and numerous collaborations must
become “the rule and not the exception.”

A push for a fusion power plant

ENERGY | If the United States wants
to include fusion power in efforts to
shift to low-carbon energy, it should
accelerate a plan to build a prototype
plant, an expert panel said last week.
The plant, first proposed in 2018, would
use the process that powers the Sun to
generate electricity. It would advance
beyond ITER, the huge international
fusion experiment under construction
in France that aims to produce more

energy than it consumes. But if utilities
are going to embrace fusion, the United
States should complete a demonstra-
tion plant by 2040, suggests the report
by the National Academies of Sciences,
Engineering, and Medicine. It says

the U.S. Department of Energy should
team with industry to develop multiple
designs for a plant that generates at
least 50 megawatts and costs no more
than $6 billion. U.S. fusion researchers
embraced the pilot plant in a new long-
range plan released in December 2020,
but some nuclear specialists say the
proposed timetable is unrealistic.

Europe picks radar satellites

EARTH sclENCE | The European Space
Agency (ESA) this week gave preliminary
approval to the Harmony mission: two
radar satellites that will monitor glacier
flows, slip along earthquake faults,

and tiny shifts in the ocean surface
using a technique called interferometric
synthetic aperture radar, or InSAR (see
p. 876). The satellites will fly in tandem
with ESA’s Sentinel-1 InSAR satellites,
capturing their reflected beams along dif-
ferent angles and flight paths to sharpen
the resolution of the data. The mission,
expected to cost several hundred million
euros, is expected to get final approval
for construction by fall 2022.
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A hovercraft captured
the last moments of
Perseverance’s dramatic
descent to Mars.

Perseverance will explore history of ancient lake

Newly arrived Mars rover will probe rocks to reveal how wet planet was—and for how long

By Paul Voosen

ast week, NASAs $2.7 billion Perse-

verance rover made a picture-perfect

landing on the floor of Mars’s Jezero

crater, which scientists believe was

filled to the brim with water 3.8 billion

years ago. Two kilometers away looms
the rover’s primary target: a fossilized river
delta, created as muddy water spilled into
the crater—ideal for preserving signs of life.

But before Perseverance starts the long

climb up into the delta, to drill samples
that will eventually be returned to Earth,
it will examine the rocks beneath its six
aluminum wheels. The rover landed near
outcrops of rock layers that may have origi-
nally been laid down before and after the
lake and the delta. The NASA team will
probe them for clues to the nature and
timing of the brief period when water
flowed—and life might have flourished.
Even the first images returned to Earth,
grainy and taken from the underneath the
rover, left the team elated, says Katie Stack
Morgan, the mission’s deputy project sci-
entist at NASA’s Jet Propulsion Laboratory
(JPL). “We have enough for the scientists to
really sink their teeth into.”
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The rover’s arrival at Mars was filled
with nail-biting drama, even as the pre-
cise, autonomous descent unfolded like
clockwork. After the spacecraft plunged by
parachute through the thin air, a rocket-
propelled hovercraft took over, seeking a
boulder-free spot before lowering the rover
from nylon cords. The final moments,
captured in breathtaking detail by cam-

A muddy target

Perseverance landed 2 kilometers away from the
edge of a fossil river delta, a promising site for finding
organic molecules and other signs of life.

Delta  Perseverance

eras below the hovercraft, show the rover
landing in a cloud of dust. “We did have a
pretty clean run,” says Allen Chen, head of
the rover’s landing team at JPL, in a dry
understatement. “It did what it had to do.”
The touchdown marks NASA’s ninth suc-
cessful landing on the martian surface out
of 10 tries.

After 3 days, the rover had executed 5000
commands and scientific instruments were
certifying their health, says Jessica Samuels,
an engineer and mission manager at JPL.
“Everything is coming back exactly how
we want it to.” The rover raised its camera
mast 2 meters above the surface to capture
a panorama of its surroundings. After sev-
eral days updating software, the team plans
to wiggle the rover’s wheels and conduct a
short test drive. The rover will also extend
its five-jointed, 2-meter-long robotic arm,
which carries the rover’s coring drill and
several more cameras, and put it through
some calisthenics. A second robotic arm,
designed to manipulate a cache of dust and
rock samples inside the rover, will be run
through its paces.

Stored in 43 ultraclean tubes, those sam-
ples represent the start of a multibillion-
dollar, multinational effort to collect mar-
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tian rocks and return them for analysis on
Earth; two follow-up missions to retrieve
the samples are planned for later this de-
cade (Science, 22 November 2019, p. 932).
Within its first 2 years, the rover is expected
to fill nearly half the tubes on its trek of
more than 10 kilometers to the crater’s rim.
The rest will be filled in an extended mis-
sion, as the rover trundles beyond the crater
to ancient highlands thought to have once
held geothermal springs.

Perseverance’s primary mission is to
search for evidence of past life, captured in
the delta mudstones and other rocks likely
to preserve organic molecules—or even fos-
silized life. But interpreting this evidence
will also require a better understanding of
Mars’s climatic past, from clues that can be
collected right away by the rover.

The first opportunity to drill a sample
could come within a few months, on the
flat, pebble-strewn terrain
where Perseverance landed.
Some scientists believe these
rocks are from an ancient lava
flow that erupted long after
the lake disappeared, arguing
that they look the way Hawai-
ian flows might if bombarded
by meteorites and whipped by
winds for several billion years.
But when Perseverance’s pre-
decessor, the Curiosity rover, explored simi-
lar rocks in Gale crater and its ancient lake,
most of what scientists had thought were
lava fields turned out to be sedimentary
rocks: ground up volcanic bits ferried by
water and deposited in layers, presumably
in the vanished lake. The early pictures from
Perseverance are difficult to interpret: Rocks
riddled with holes could be pumice, porous
from gas escaping from cooling lava, or they
could be sedimentary rocks, perforated over
time by water. Bigger boulders in the dis-
tance look like ancient volcanic rocks: dark
and coated by a light-colored dust.

Fortunately, Perseverance’s scientific in-
struments are designed to pin down the
rocks’ origin. Cameras on the mast could
spy distinctive angular striped layers, called
cross-bedding, that only form when depos-
ited as sediments. A camera mounted on the
end of the rover’s robotic arm for microscopic
views could capture the grain of minerals:
Sedimentary rocks, for example, are typically
rounded by their watery travels. Two other
instruments on the arm will fire x-rays and
ultraviolet laser light at rock samples, pro-
voking reactions that could reveal chemical
fingerprints of volcanic or sedimentary rocks.

It’s a crucial distinction. If the rocks
are volcanic—either lava deposits or, more
likely, ash from a distant eruption—they’ll
contain trace radioactive elements that
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“Everything is
coming back
exactly how we
want it to.”

Jessica Samuels,
Jet Propulsion Laboratory

decay at a certain rate, so when samples
are returned to Earth, lab scientists could
date the eruption and put a bound on the
age of the lake. Any date will also help pin
down the highly uncertain overall martian
timeline, currently dated by counting the
number of craters on a given terrain. (Older
surfaces are pocked with more craters.)
Sampling such a volcanic rock would “pro-
vide a critical anchor to the timing of events
we are looking at,” says Ken Farley, the mis-
sion’s project scientist and a geologist at the
California Institute of Technology.

The rover’s initial path is likely to cross
another intriguing target just 250 meters
away on the crater floor: outcrops that,
from orbit, appear rich in both olivine, a
volcanic mineral, and carbonates, which
can form when olivine is exposed to water
and carbon dioxide. If this layer is volcanic
ash from an eruption that preceded the
Jezero lake, radioactive dates
from it and the potential vol-
canic layer deposited on the
lakebed should bracket the
lake’s existence in time. More-
over, isotopes of oxygen in the
carbonates could reveal the
temperature of the water that
formed the mineral; balmy
water would suggest Mars was
once warm and wet for mil-
lions of years at a time, whereas water near
freezing would argue for sporadic bursts
of warmth. The carbonate might even con-
tain gas bubbles—samples of the ancient
martian atmosphere, which could allow
scientists to see whether it held methane
or other greenhouse gases that would have
warmed early Mars. “That obviously would
be game changing,” says Timothy Goudge,
a planetary scientist at the University of
Texas, Austin, who led the team that made
the case for Jezero as a landing site.

There will be no drilling at the landing
site itself. But there will be flying. After the
monthlong commissioning phase is over,
the team will find a nearby, flat spot to
loose the 1.8-kilogram Ingenuity helicopter,
which survived the landing attached to the
rover’s belly. With a fuselage the size of a tis-
sue box, Ingenuity is a technology demon-
stration, a bid to fly a rotor-powered vehicle
on another planet for the first time. After
being dropped to the surface, the helicop-
ter will furiously spin its rotors to ascend
3 meters in the air for 20 seconds. Four ad-
ditional, higher flights could follow, over a
total of 30 days, says MiMi Aung, Ingenu-
ity’s project manager at JPL. On later flights
the helicopter could collect reconnaissance
images for terrain off the rover’s main path.
“It will be truly a Wright brothers moment,”
Aung says, “but on another planet.”

PALEONTOLOGY

Hungry teen
dinosaurs

crowded out
competitors

Study explains why ancient
carnivores were tiny
or huge, not medium-size

By Gretchen Vogel

ny parent of growing teenagers knows

their appetites can reach gargantuan

proportions. Now, imagine you had a

young 7. rex checking the fridge. The

outsize appetites of growing dino-

saurs reshaped food chains in their
environment and squeezed out other carni-
vores, according to a new study on p. 941 of
hundreds of dinosaurs of all sizes.

The “elegant study puts real numbers on
something we’ve suspected for a while,” says
Steve Brusatte, a paleontologist at the Uni-
versity of Edinburgh who was not involved
with the study. There weren’t many mid-
size meat eaters “because the juveniles and
teenagers and subadults of the big beastly
dinosaurs were hoarding those niches.”

Most groups of animals have many small
species, somewhat fewer medium-size spe-
cies, and even fewer large species. In con-
trast, the extinct dinosaurs—especially
carnivores—had plenty of species no bigger
than modern-day chickens and also many
giant species, but few medium-size ones.

Paleontologists wondered whether juve-
nile dinosaurs crowded out medium-size
adults by exploiting the habitats and food
sources those species might have taken.
To test the idea, Katlin Schroeder, a Ph.D.
student at the University of New Mexico
(UNM), Albuquerque, combed a global col-
lection of fossil data called the Paleobiology
Database to determine the size distribution
of more than 550 dinosaur species in 43 an-
cient ecosystems across 136 million years
and seven continents.

In most communities, herbivorous dino-
saurs came in a range of sizes. But “carni-
vores are completely different,” she says.
Carnivores between 100 and 1000 kilograms
were consistently quite rare. “It’s as if you
went to the savanna and saw nothing in
size between a bat-eared fox and lion,”
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Schroeder says. Patterns in all the dinosaur
communities studied “are very similar,
which is not what you’d expect from com-
munities separated by 100 million years
and half a globe,” she notes.

“They did this on a grand scale,” says
Gregory Erickson, a paleontologist at
Florida State University. “It’s very impres-
sive, and very comprehensive. ... We saw
the gap [in species’ sizes] for years, but
never quantified it.”

To explore the reason, Schroeder and
paleontologists Felisa Smith of UNM
and Kathleen Lyons of the University of
Nebraska, Lincoln, modeled the role that ju-
venile carnivores such as Tyrannosaurus rex
might have played in ecosystems, based on
their growth curves and the relative numbers
of juveniles and adults found in “mass death”
fossil beds. “We said, OK, if the juveniles
are really using up this space, how many of
them would you expect?” Smith says. Their
calculations showed that “the teenagers fill
the gap,” she says. “If you fill them in, then
you get a community that looks like what
you’d expect.”

The effect may be stronger in meat eat-
ers because each carnivorous dinosaur spe-
cies occupied a wide range of niches. They
hatched from relatively small eggs; even the
largest ones only weighed about 15 kilograms
as hatchlings. Then they grew very quickly,
changing diets and hunting methods to ac-
commodate their new sizes and competing
with a range of other species along the way,
Erickson says.

The study’s emphasis on how animals’
niches can change as they grow offers fresh
insights, says Mike Benton, a paleonto-
logist at the University of Bristol. “It will
make people look at predator-prey inter-
actions in a different way.”

A Tarbosaurus—a cousin of Tyrannosaurus rex—
grew mightily in size over its lifetime, as seen in these
skulls from a 2-year-old, a teenager, and an adult.
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PARTICLE ASTROPHYSICS

Black holes can tear apart
stars, feeding a particle jet.

Rare cosmic neutrino traced
to star-shredding black hole

Particle points to black hole jets as high-energy accelerators

By Daniel Clery

eutrinos are everywhere, streaming

through your body by the trillions

every second. But the chargeless,

nearly massless particles are notori-

ously hard to pin down, especially

the rare high-energy ones from deep
space. Only about a dozen cosmic neutri-
nos are detected annually, and only one
had been linked to a source in the sKy.
Now, IceCube, the kilometer-wide neutrino
detector nestled deep beneath the South
Pole, has traced another one to its birth-
place: a supermassive black hole tearing a
star to pieces in a galaxy 750 million light-
years away.

“It’s a very exciting story if this is cor-
rect,” says Tsvi Piran, a theorist at the
Hebrew University of Jerusalem. The dis-
covery suggests these rare tidal disruption
events (TDEs) could be a major source of
high-energy neutrinos and cosmic rays—
other deep-space visitors whose origins
have also been a mystery.

The only way to detect neutrinos is to
wait for one to hit an atomic nucleus. The
result is a shower of debris particles and a
flash of light. The collisions are rare, how-
ever, so researchers need a huge volume of
matter to detect them. IceCube uses 1 cubic
kilometer of Antarctic ice, threaded with
photon detectors. From the arrival time
and brightness of the flash at each detec-
tor, researchers can calculate a neutrino’s
direction and whether its source is nearby
or in deep space.

In 2017, IceCube connected the first
deep-space neutrino to a known source:
a superbright galaxy known as a blazar.
Blazars contain voracious supermassive
black holes, which suck in matter and are
thought to spurt out a jet of particles.

On 1 October 2019, a flash in the detector
revealed another likely deep-space candidate.
IceCube researchers sent out an alert so as-
tronomers could scan the sky in the direction
of the arriving neutrino. A California tele-
scope, the Zwicky Transient Facility, swung
into action and found that the apparent
source was a known TDE, the team reported
this week in Nature Astronomy. “When we
saw it could be a TDE, we immediately went
‘Wow!’” says lead author Robert Stein of the
DESY particle physics laboratory in Germany.

Based on less than 100 observed TDEs, re-
searchers believe they occur when the gravity
of a supermassive black hole rips up a star
that has strayed too close. Half the mass is
pulled into a disk around the black hole and
the rest arcs outward in a long streamer. The
new result suggests TDEs also produce a
short-lived particle jet, like a blazar burp.

With two cosmic neutrinos now traced
to them, jets are emerging as a primary ex-
planation for deep-space neutrinos, edging
ahead of neutron stars and stellar explosions.
Jets could produce neutrinos much as parti-
cle physicists do on Earth: with a high-energy
beam of protons that slams into surrounding
material, says co-author Suvi Gezari of the
Space Telescope Science Institute. “For TDEs
to emerge as a likely site for neutrino produc-
tion is very exciting,” she says.

They might also help explain the source
of ultra-high-energy cosmic rays, particles
like protons that zip across the cosmos and
bombard Earth’s atmosphere daily. Making
neutrinos requires accelerating protons to
high energy, Piran says, so TDEs could be
producing the cosmic rays at the same time.

IceCube’s pointing ability is poor, so Stein
concedes the apparent match between the
neutrino and the TDE could be a coinci-
dence. “We will have to wait and see if there
are additional events,” he says.
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CHEMISTRY

Hunt for renewable plastics clears a hurdle

Solving alkalinity problem may help make plastics from CO,, water, and electricity

By Robert F. Service

lastics are a climate problem. Mak-
ing precursors for common plastics,
such as ethylene and carbon mon-
oxide (CO), consumes fossil fuels
and releases plenty of carbon diox-
ide (CO,). In recent years, chemists
have devised bench-top reactors called
electrochemical cells that aim to reverse
the process, starting with water and waste
CO, from industrial processes and using
renewable electricity to turn them into
feedstocks for plastics. But that green vi-
sion has a practical problem: The cells of-
ten consume highly alkaline additives that
themselves take energy to make.

“This has been a very challenging scien-
tific problem,” says Peidong Yang, a chemist
at the University of California, Berkeley. Now,
his team and a second group are reporting
strides toward solving the alkalinity hurdle.
One advance links two electrochemical cells
in tandem to bypass the problem alto-
gether, and another turns to an enzyme-
like catalyst to generate a desired chemical
without consuming alkaline additives. The
plastics industry isn’t about to abandon
fossil fuels for CO, and renewable electric-
ity, but “the field is picking up steam,” says
Feng Jiao, an electrochemist at the Univer-
sity of Delaware, Newark.

Companies currently make ethylene, a
clear, sweet-smelling gas, by using super-
heated steam under pressure to “crack”
the larger hydrocarbons in oil. Honed for
decades, the process is extremely efficient,
capable of producing ethylene for about
$1000 per ton. But its production gener-
ates about 200 million tons of CO, annu-
ally, 0.6% of the world’s emissions.

Electrochemical cells, which operate like
batteries in reverse, offer a greener alterna-
tive. In contrast to batteries, which convert
chemical energy into electricity, electro-
chemical cells feed electricity to catalysts
that make chemicals.

Both kinds of devices rely on two elec-
trodes separated by an electrolyte that
ferries charged ions. In electrochemical
cells designed to convert CO, to more valu-
able chemicals, the dissolved gas and wa-
ter react at the cathode to form ethylene
and other hydrocarbons. The electrolyte is
typically spiked with potassium hydroxide,
which allows the chemical conversions to
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occur at a lower voltage, thereby boosting
the overall energy efficiency. And it helps
channel most of the added electricity to-
ward creating hydrocarbons instead of hy-
drogen gas, a less valuable product.

But Matthew Kanan, an electro-
chemist at Stanford University, notes that
the hydroxide carries an energy penalty of
its own. The hydroxide ions react with CO,
at the cathode, forming carbonate, which
precipitates out of solution as a solid. As a
result, the hydroxide must be continually
replenished—and hydroxide itself takes en-
ergy to make, making the overall process
an energy loser.

In 2019, Kanan and his colleagues reported
a partial solution. In place of CO,, they fed

renewable electricity. The CO flows into
another electrochemical cell whose cata-
lysts are tailored to favor the production of
ethylene, a more widely used commodity
chemical than acetate. The tandem reac-
tor no longer consumes hydroxide and has
an FE of 65% for energy stored in ethylene
produced by the device, the researchers re-
ported last week in Joule. “That’s a signifi-
cant advance,” Jiao says.

In the December 2020 issue of Nature
Energy, Yang and his colleagues reported
a very different way to get around the al-
kalinity problem. In an alkaline electro-
chemical cell, they redesigned the catalyst
to exclude water and hydroxide ions at the
sites where it splits CO,. The device can

Conventional polyethylene production, powered by fossil fuels, could one day be replaced by chemical reactors
that rely on renewable energy and consume carbon dioxide.

their cell CO, which doesn’t react with hy-
droxide to form carbonate. The cell itself
was highly efficient: Seventy-five percent of
the electrons they fed their catalyst—a met-
ric referred to as the faradaic efficiency
(FE)—went to making acetate, a simple
carbon-containing compound that can be
used as a feedstock for industrial microbes.
The trouble is that making CO normally
requires fossil fuels, undoing some of the
climate benefits of the scheme.

Now, a team led by Edward Sargent, a
chemist at the University of Toronto, has
taken this approach a step further. They
started with a commercially available de-
vice called a solid oxide electrochemical
cell, which uses high temperatures to con-
vert CO, to CO and could be powered by

convert the gas into CO without generat-
ing carbonate, a major energy win. But this
cell doesn’t yet convert that CO and hydro-
gen from water into ethylene and other hy-
drocarbons, Yang notes.

Better electrochemical cells aren’t the
only force propelling the research. As wind
and solar energy generation burgeons, re-
newable energy prices are plummeting.
Those low energy prices mean that dou-
bling of the overall energy efficiency of
tandem electrochemical cells could make
them cost competitive with the standard
fossil fuel approach for manufacturing
ethylene, Sargent and his colleagues report
in a December 2020 paper in ACS Energy
Letters. “We are trying to put that option in
play,” Kanan says. m
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COVID-19

Vaccine trials ramp up
in children and adolescents

Doctors stress need to vaccinate young people

once shots are available

By Jennifer Couzin-Frankel

s older adults, health care workers,

firefighters, and others roll up their

sleeves for a COVID-19 vaccine, there’s

a flurry of research to get shots to

children, for whom no vaccine has yet

been authorized. Even though young
people are less likely to fall seriously ill, doc-
tors and scientists agree that vaccinating
them is crucial for their own protection and
that of the broader population. And because
companies already have solid data from
adult trials, they are running smaller studies
in children that focus on safety and immune
responses to COVID-19 vaccines.

The first two vaccines to receive emer-
gency use authorization in the United States
for adults are now in clinical trials for young
people, with initial results expected by sum-
mer. Pfizer and BioNTech have completed
enrollment of more than 2200 volunteers
ages 12 to 15, and Moderna is wrapping up
recruitment of a planned 3000 volunteers
with the same minimum age. Both vaccines
are based on messenger RNA coding for the
coronavirus spike protein, which prompts
production of protective antibodies. Another
three vaccines, which use a harmless virus to
deliver a gene for the same protein, are also
taking steps toward pediatric authorization.
On 12 February, AstraZeneca and the Univer-
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sity of Oxford announced they would begin
to test their vaccine in 300 U.K. children
ages 6 to 17. Johnson & Johnson, whose adult
vaccine will be considered by U.S. regulators
this week, says it’s moving toward testing in
young people, and Sinovac Biotech is testing
its product on children in China ages 3 to 17.
Adult deaths from COVID-19 dwarf those
in children: In the United States, for ex-
ample, young people make up about 250
of 500,000 total deaths. But for children,
COVID-19 is still “causing more

A teenager receives a shot in a clinical trial of the
Pfizer-BioNTech COVID-19 vaccine.

at Children’s Healthcare of Atlanta who
helped lead adult clinical trials of Mod-
erna’s vaccine and has pressed for pri-
oritizing pediatric studies. Furthermore,
because children can transmit the virus to
adults—for whom vaccination isn’t 100%
effective—protecting kids will be key to
driving down infection rates.

For children and another special popu-
lation, pregnant women, clinical trials are
trending much smaller than the tens of
thousands of participants in the adult tri-
als that garnered initial authorization. Al-
though these latest studies will, like their
larger counterparts, track symptoms and
count COVID-19 cases, they will primarily
rely on immune markers as a proxy for vac-
cine effectiveness. One widely used marker
is “neutralizing” antibodies to the virus as
measured in the blood. Neutralizing antibod-
ies stop viruses from entering cells and rep-
licating. In Pfizer’s and Moderna’s adolescent
trials, antibodies will be measured 1 month
after the second dose of vaccine. The goal is
to see whether in a younger crowd the vac-
cine spurs antibody levels that match those
in adults, explains Robert Frenck, who di-
rects the Gamble Vaccine Research Center at
Cincinnati Children’s Hospital and is helping
lead Pfizer’s adolescent trial.

One sticking point is that scientists are
unsure how high a level of neutralizing
antibodies to look for. “We don’t know the
protective titer” of antibodies that someone
needs to be shielded from illness, says John
Moore, a vaccine researcher at Cornell Uni-
versity who isn’t involved in running vac-
cine trials. Still, he continues, “We have a
pretty good feel.” If children produce some-
what fewer antibodies relative to adults

that’s unlikely to be concerning, he

deaths than influenza does in a typi- T GCG— = ,ys But if “responses were down
cal season,” says Douglas Diekema, Science'’s 50-fold, you’d be getting worried”
a pediatrician and bioethicist at COVID-19 that the vaccine wasn’t protecting
Seattle Children’s Hospital. “Those reporting is them. (In the adult trials, elderly
are unnecessary deaths and should sugpg:teed people developed about half as
be prevented” In addition, more Heisiné_Simons many neutralizing antibodies as
than 2000 children and teenagers Foundation. younger adults but were well-pro-

have developed a severe inflamma-

tory syndrome that can cause critical illness
and damage organs (Science, 29 May 2020,
p- 923). And some children report lingering
symptoms such as intense fatigue, similar to
the emerging “long COVID” in adults.

The hazards have convinced many doc-
tors that children need access to vaccines
before they can return to their pre-2020
routines. “I don’t think anybody wants
to keep kids wearing masks for the rest
of their childhood,” says Evan Anderson,
a pediatric infectious disease specialist

tected from illness.) The U.S. Food
and Drug Administration (FDA) would not
comment about study designs, but in guid-
ance to industry, it has indicated it’s open to
considering a COVID-19 vaccine’s use based
on immune responses that are “reasonably
likely to predict clinical benefit.”

There’s precedent for focusing on these
kinds of surrogate markers. Rabies vac-
cine studies, for example, relied on “indi-
rect markers of protection,” says Grace Lee,
a pediatric infectious disease specialist at
Stanford Children’s Health who also sits on
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the Advisory Committee on Immunization
Practices (ACIP), which develops recommen-
dations for U.S. vaccine use. “You can’t wait
for people to get rabies” in a clinical trial. To
craft vaccines against human papillomavirus,
researchers initially examined their ability to
prevent symptoms of infection and then used
immunologic markers as trials shifted into
younger age groups.

Like other physicians eager for results of
trials on children 12 and up, Lee thinks it’s
unlikely that efficacy of COVID-19 vaccines
will falter markedly in adolescents, whose
immune responses are similar to those of
adults. “The main thing I'm looking for is
safety,” she says. With some 200 million peo-
ple vaccinated worldwide so far, the vaccines
appear very safe in adults. Still, because the
risk of harm from COVID-19 to children is
much lower than to adults, physicians and
parents want assurances of safety and evi-
dence that neutralizing antibodies and other
markers of immunity persist, a sign that the
protection will be durable.

In kids and adolescents, Pfizer, Moderna,
and AstraZeneca are testing the same dose
adults receive. As more trials of younger chil-
dren open, however, companies may experi-
ment with different doses. With drugs, “You
want to have a certain level in the blood-
stream,” says Paul Offit, a vaccine researcher
at the Children’s Hospital of Philadelphia
who sits on a vaccine advisory committee for
FDA. “So weight matters.” But for vaccines,
which aim to trigger an immune response,
the dose varies less—or not at all. The same
dose of flu vaccine, for example, is generally
given to 6-month-olds and 60-year-olds, and
young children actually get a higher dose
of diphtheria and pertussis vaccines than
adults. At a January ACIP meeting, Emily
Erbelding, an infectious diseases special-
ist at the National Institute of Allergy and
Infectious Diseases, suggested half- and
quarter-doses may be tried in infants and
young children. “If you get the same im-
mune response at a quarter of the dose and
it decreases side effects, well then we would
probably give a smaller dose,” Frenck says.

In the meantime, pediatricians, parents,
and others have to wait. Pfizer, for example,
has announced plans to submit its data on
adolescents to regulators by June; it also
expects to open a trial in 5- to 11-year-olds
within a couple of months, and in under
5-year-olds later this year. Diekema, a vol-
unteer cross-country coach at the local high
school, is getting ready to head back to the
field for the first time in a year. Even if he
does his best to enforce social distancing
among the teens, he imagines them play-
fully high-fiving between runs. Children are
“like magnets” when near one another, he
says. “That’s why we need the vaccines.”
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RESEARCH POLICY

New U.K. funding agency aims
to tackle innovative research

Like ARPA in the United States, ARIA will fund risky
ideas. But some worry that fledgling agency lacks a focus

By Cathleen O’Grady

he UK. government has released its
plans for emulating the storied high-
risk, high-reward U.S. funding agency,
the Advanced Research Projects
Agency (ARPA). During the 2019 elec-
tion campaign, the Conservative gov-
ernment promised to set up such an agency,
and Prime Minister Boris Johnson’s former
adviser Dominic Cummings pushed for it.
Now, it has a name, the Advanced Research
& Invention Agency (ARIA), and a confirmed
budget. Business secretary Kwasi Kwarteng
announced last week it would be funded by
an initial £800 million over
4 years, and would begin to
disburse grants by 2022.

Unlike ARPA, now known as
DARPA because it specializes in
defense-related research, ARIA
so far lacks a focus, which con-
cerns some experts. “The fabric
of an ARPA organization is its
mission,” says Anna Goldstein,
a science policy researcher at
the University of Massachu-
setts, Amherst, who provided evidence on
ARPA to UK. politicians. Without that,
she says, “ARIA is a solution in search of
a problem.”

The government will soon introduce
legislation in Parliament to enshrine
the agency in law, aiming to give it more
permanence than pet political projects
sometimes enjoy. It will sit within the
Department for Business, Energy and In-
dustrial Strategy, but remain independent
from the main research funding agency,
UK Research and Innovation. The new
law may also allow ARIA to sidestep nor-
mal spending rules, audits, and even free-
dom of information requests. But those
checks and balances don’t hinder risk tak-
ing, says James Wilsdon, a science policy
researcher at the University of Sheffield.
“You don’t have to be a scathing political
critic of the government to raise a quizzi-
cal eyebrow about attempts to put chunks
of the research budget in a place where
they’re not subject to any of those checks
and balances.”

“ARIA
is a solution
insearch
of a problem.”

Anna Goldstein,
University of
Massachusetts, Amherst

DARPA, created as ARPA in 1958 after
the Soviet Union launched the Sputnik sat-
ellite and the United States panicked about
falling behind on military technology, is
credited with innovations in the develop-
ment of the internet, GPS, and robotics.
Such is the power of the brand name that
it has spawned spinoffs for intelligence
(IARPA), homeland security (HSARPA),
and energy technology (ARPA-E). Unlike
traditional funding agencies, which hand
out grants through peer review, DARPA
and its ilk give program managers the
freedom and budget to seek out promising
work, fund it with no bureaucracy, and cut
it off early at signs of failure.

Because of limited public
data, DARPA’s triumphs can
only be tracked through a series
of anecdotal success stories,
Goldstein says. But in 2020,
Goldstein and her colleagues
analyzed more comprehensive
data from ARPA-E and found
that projects it funded led to
more patents than from those
it rejected or comparable proj-
ects that found funding elsewhere—a hint
that the agency has a knack for hitting on
innovative research.

In announcing ARIA, Kwarteng nodded
to two possible focuses: disease outbreaks
and climate change. “Those would both
be excellent choices,” Goldstein says. “Why
not create two ARIAs and do both?” Re-
cruitment for the agency’s leaders will be-
gin in the next few weeks. But that is risky
while the purpose of the agency remains
uncertain, Wilsdon says, because different
goals demand different leadership.

The new agency will likely only take up
about 1% of the government’s total research
funding, which Johnson’s government has
pledged to increase drastically over the com-
ing years. But the funds are a “reasonable
starting point,” says Nancy Rothwell, presi-
dent of the University of Manchester and co-
chair of the government’s advisory Council
for Science and Technology. It’s enough to do
something useful, she says, but not a reckless
gamble. “Time will tell whether or not [its
budget] should increase.”
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ast Africa has been called the cradle
of humanity. But the geologically ac-
tive region has also given birth to
dozens of volcanoes. Few have been
monitored for warnings of a po-
tential eruption, and until recently,
most were believed to be dormant.
Then, Juliet Biggs decided to take a
closer look—or rather, a farther look.

Biggs, a geophysicist at the University of
Bristol, uses a technique called interfero-
metric synthetic aperture radar (InSAR) to
detect tiny movements of Earth’s surface
from space. In a series of stud-
ies, she and her co-authors an-
alyzed satellite data on the East
African volcanoes. According
to their latest results, which
were published last month,
14 have been impercepti-
bly growing or shrinking in
the past 5 years—a clue that
magma or water is moving
underground and that the
volcanoes are not completely
asleep. “It’s really changed
the way these volcanoes are
viewed, from something that’s
kind of dormant to really very
active systems,” Biggs says. Af-
ter data showed that the Cor-
betti volcano, which abuts the
fast-growing city of Hawassa,
Ethiopia, is inflating steadily
at a rate of 6.6 centimeters
per year, Biggs’s Ethiopian
colleagues included it in the
country’s geological hazard
monitoring network.

No other technology could
produce such a comprehensive
survey. Individual GPS stations can track
surface movements of less than 1 milli-
meter, but InSAR can measure changes al-
most as subtle across a swath hundreds of
kilometers wide. That has made it a vital
tool for earth scientists studying the heaves
and sighs of our restive planet. “We tend to
think of the ground as this solid platform,”
Biggs says, “and actually, it’s really not.”

With InSAR, scientists are tracking how
ice streams flow, how faults slip in earth-
quakes, and how the ground moves as flu-
ids are pumped in or out. “Everywhere you
look on Earth, you see something new,” says
Paul Rosen, an InSAR pioneer at NASA’s Jet

Changes between radar images taken before and after
2019 earthquakes in Ridgecrest, California, reveal slip
along perpendicular faults (lower left). Each color
cycle represents 11.5 centimeters of ground motion.
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By Julia Rosen

Propulsion Laboratory (JPL). “It’s a little bit
like kids in a candy store.”

And the flood of InSAR data is growing
fast. Since 2018, the number of civil and com-
mercial SAR satellites in orbit has more than
doubled. And at least a dozen more are set to
launch this year, which would bring the total
to more than 60. With the help of computing
advances that make data processing easier,
the satellite fleets may soon be able to detect
daily or even hourly surface changes at just
about every patch of ground on Earth.

As the technology grows more powerful

The surface of Ethiopia’s Corbetti volcano has been rising nearly 7 centimeters per year, a
sign of underground activity. In this image, red shows the most cumulative inflation.

and ubiquitous, InSAR is spreading beyond
the geosciences. With InSAR data, railroads
are monitoring the condition of their tracks
and cities are monitoring shifts in buildings
caused by construction. “It’s popping up
everywhere,” says Daire Boyle, who follows
trends in the space industry for Evenflow, a
consulting firm in Brussels. Analysts value
the SAR market at roughly $4 billion, and
expect that figure to nearly double over the
next 5 years.

Many believe InSAR will eventually
underpin our daily lives. From measuring
the water stored in mountain snowpacks
to enabling quick responses to natural
disasters, InSAR data will prove invalu-
able to governments and industries, says
Cathleen Jones, a science team leader for
NISAR, an upcoming joint SAR mission
from NASA and the Indian Space Research

Organisation (ISRO). “I want it to become
so socially relevant that they can’t go back
to not having this data.”

SYNTHETIC APERTURE RADAR, the “SAR” on
which InSAR depends, originated in the
1950s as a tool for airborne military recon-
naissance. Like traditional radar, SAR in-
struments captured images of the planet
by sending out microwave pulses and re-
cording the echoes. And like a traditional
radar, the instruments could penetrate
clouds and worked equally well at night. A
key difference was the “syn-
thetic” aspect of SAR. Larger
radar antennas, like larger
apertures on a camera, collect
more of the echoes and enable
sharper pictures. But building
a single antenna large enough
to take a high-resolution im-
age isn’t practical. Research-
ers realized they could instead
create an artificially large
aperture by combining the
signals received on a much
smaller antenna as it moved
through space. Today, SAR
satellites with antennas just a
few meters across can produce
images with pixel resolutions
as sharp as half a meter—
better than many satellite-
borne cameras.

SAR images, on their own,
suffice for many types of sur-
veillance, from counterterror-
ism to tracking oil spills in the
ocean. But InSAR goes further,
by looking for differences be-
tween multiple SAR images.
The technique takes advantage of phase in-
formation in the returning microwaves—in
other words, where a signal is in its sinu-
soidal path when it hits the antenna. Any
phase difference in the signal between SAR
images taken from the same position at dif-
ferent times means the round-trip distance
has changed, and can reveal surface move-
ments down to a few millimeters. “There’s
nothing else that compares to it,” says
Michelle Sneed, a hydrologist at the U.S.
Geological Survey. “I'm still amazed by it
after a couple of decades.”

The 1978 launch of Seasat, NASA’s first
ocean-observing satellite, provided data
for early InSAR efforts. Seasat operated for
just 105 days before a power failure brought
the mission to an untimely end. But in that
time, it collected repeat images of Califor-
nia’s Imperial Valley taken over the course
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Rulers of Earth

Aremote sensing technique called interferometric synthetic aperture radar (InSAR), first demonstrated
more than 30 years ago, is reaching its heyday. By comparing radar imagery gathered over time, researchers
can detect ground motions as small as a few millimeters.

First pass
By capturing the
echoes of microwave
beams, modestly
sized SAR antennas
can produce pictures
with resolutions

as sharp as half
ameter or less.

Moving targets

Repeat pass
When SAR images
taken from the exact
same vantage are
compared, any phase
difference in the
returning signal's
wavelength
points to small
ground motions.

InSAR was first used in the geosciences, but the technique has also spread into a number of commercial
applications. Analysts suggest a $4 billion SAR market will nearly double in the next 5 years.

Earthquakes
Ground slippage can
be measured—even
for small, slow-
moving tremors.

Glaciers

InSAR has shown
how global
warming has sped
up glaciers, adding
to sea-level rise.

Infrastructure
monitoring

Small shifts in
buildings, railroads,
dams, and pipelines
can point to
instabilities and
guide maintenance.

A satellite surge

Volcanoes

Hazard can be
monitored by how
the surface rises

and falls, a sign of
magma or water
moving underground.

Water resources
Surface sinking
can be used to
track ground-
water pumped
from aquifers.

Natural disasters
Responders and
insurers can

assess damage
from floods or

fires by measuring
the surface changes
they cause.

SAR satellites launched by private companies will soon eclipse the number of civil SAR satellites funded by
national governments. Overall, nearly 50 are operational, more than double the number in 2018.*
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*Launch data include publicly available tallies of successfully launched civil and commercial SAR satellites focused on Earth observation, and
exclude military satellites. Data for this year include launches through February.
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of 12 days. Scientists at JPL later compared
those images using InSAR to show the
subtle swelling of fields as they soaked up
irrigation water. “It is not hard to think of
numerous applications for the type of in-
strument demonstrated,” the authors wrote
in a 1989 paper. And they were right.

A classic InSAR study came in 1993, when
a team of scientists in France used data
from the SAR-enabled European Remote
Sensing satellite to study a powerful earth-
quake that rocked Landers, California, the
year before. By analyzing images taken be-
fore and after the quake, they calculated
that the fault had slipped by up to 6 meters,
which agreed with detailed field observa-
tions. The InSAR data also revealed how
the ground buckled for kilometers around
the fault—illustrating the full effects of the
temblor at an unprecedented scale.

The paper inspired scientists like Sneed,
who went on to use InSAR to study how
groundwater extraction causes the ground
to sink. During a drought in California’s
San Joaquin Valley in the late 2000s, she
and her colleagues discovered that the
surface was subsiding as fast as 27 centi-
meters per year in places where farmers
pumped the most groundwater. Irrigation
canals were sagging as a result of uneven
sinking, impeding water flow. “It’s a really
expensive problem,” Sneed says. (Another
recent InSAR study linked specific water-
intensive crops—notably corn, cotton, and
soy—to increased subsidence.)

Glaciologists adopted the technology,
too. As a young researcher at JPL in the
1990s, Ian Joughin used InSAR—which
tracks both vertical and horizontal move-
ments—to measure the speed of polar ice
streams. Some scientists thought flow
rates would be relatively immune to cli-
mate change. But, sadly for the world, In-
SAR studies by Joughin and others proved
those predictions wrong. “Especially in
the early 2000s, we just saw all kinds of
glaciers double their speed,” says Joughin,
who now studies the fate of polar ice sheets
and their contribution to sea-level rise at
the University of Washington, Seattle.

By the 2000s, many earth scientists were
using InSAR—and grappling with its limi-
tations. There were few SAR satellites in
orbit, and they tended to switch between
instruments or imaging modes to accom-
modate different users’ needs, making the
data hard to use for InSAR. The early mis-
sions collected the repeat images needed
for InSAR only about once a month, and
researchers often had to correct for their
wobbly orbits. That meant that although
scientists could study an event after it hap-
pened, they could rarely watch it unfold in
real time.
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A port explosion rocked Beirut in August 2020. Before-and-after radar images were used to identify areas (red

Leaders at the European Space Agency
(ESA) were convinced there was a better way.

MALCOLM DAVIDSON REMEMBERS the excite-
ment and anxiety he felt on 3 April 2014, the
day the first Sentinel-1 satellite launched.
“All your life goes into a few minutes,” says
Davidson, mission scientist for ESA’s flag-
ship SAR program. He also remembers the
relief when the satellite safely reached or-
bit, and the awe that came over him when
he saw its first image, of ocean swells. “It
was very convincing that the mission was
going to do great things,” he says.

With Sentinel-1, the plan was simple:
“We cut out all the experiments, and we
said, ‘Look, this is a mapping machine.”
He and his colleagues chose a primary im-
aging mode to use over land—surveying a
250-kilometer swath at a resolution of 5 me-
ters by 20 meters—that they hoped would
satisfy most researchers, and made sure the
orbits would overlap precisely, so all the
data would be suitable for InSAR. The first
satellite, Sentinel-1a, retraced its path every
12 days. Then, in 2016, ESA launched a clone
that made repeat images available about ev-
ery 6 days for many places on Earth.

SAR missions like Italy’s COSMO-SkyMed
and Germany’s TerraSAR-X also support
InSAR and can achieve even higher reso-
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lutions. But they do not distribute data
freely like Sentinel, which many credit for
driving a transition from opportunistic
experiments to what Davidson sees as “a
more operational view of the world.” With
Sentinel-1 data, Norway created a national
deformation map that has helped identify
rockslide hazards and revealed that parts of
Oslo’s main train station were sinking. Wa-
ter managers in California rely on the data
to track groundwater use and subsidence.
And in Belgium, it is used to monitor the
structural integrity of bridges. “It can all
be done remotely now, saving time, saving
money,” Boyle says.

The large and growing body of InSAR
data has also revealed small surface move-
ments that were previously hidden by noise.
As radar signals pass through the atmo-
sphere, they slow down by an amount that
depends on the weather, producing vari-
ability that can swamp tiny but important
displacements. Thanks to long-term records
from missions like Sentinel, researchers can
now tease information from the noise, for
example, helping them track movements
of just a few millimeters per year in Earth’s
crust—enough to strain faults and eventu-
ally cause earthquakes.

Such efforts would not have been pos-
sible without huge gains in computing

) with surface changes due to damaged buildings.

power. In the 1990s, stacking a single pair
of SAR images could take days, Sneed says,
and interpreting the results could take
much longer. Now, researchers can process
hundreds of images overnight, and they in-
creasingly rely on artificial intelligence (AI)
algorithms to make sense of the data. In one
recent test, an Al algorithm was tasked with
identifying small fault movements known
as slow earthquakes. It correctly found sim-
ulated and historical events, including ones
that had eluded human InSAR experts, says
Bertrand Rouet-Leduc, a geophysicist at Los
Alamos National Laboratory who presented
preliminary results in December 2020 at
the annual meeting of the American Geo-
physical Union.

Rouet-Leduc and his team now plan to
monitor faults around the world using the
same approach. He says it’s mostly a matter
of exploiting the vast quantity of data that
“sits on servers without being looked at,”
because it’s simply too much for scientists
to tackle. The researchers hope they will
be able to answer questions like when and
why slow earthquakes happen, and whether
they can trigger big, damaging events by in-
creasing stress on other parts of a fault.

Commercial users often lack the exper-
tise to process InSAR data, so hundreds of
companies have sprung up to help. One,
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Norway’s national deformation map, based on InSAR data from Sentinel-1 satellites, showed parts of Oslo’s train
station sinking (red dots) by more than 1 centimeter per year, perhaps because of nearby construction.

Dares Technology, monitors the ground
for the construction, mining, and oil and
gas industries. By tracking surface changes
as fluids are injected or extracted from an
oil reservoir, for example, Dares can help
companies estimate pumping efficiency
and prevent dangerous well failures.

In the beginning, convincing clients that
InSAR data were useful and trustworthy
was difficult, says Dares CEO Javier Duro.
Now, he says, “Everybody wants to include
InSAR in their operations.” Duro is particu-
larly interested in detecting precursors to
accidents, for example, by looking for signs
of instability in the walls of open-pit mines
or in the dams used to store mine tailings.
The company usually sends out several
alerts per month to clients, who can take
actions to avoid disasters. “Typically, In-
SAR data have been used for back analysis,”
Duro says. “Our mission is to focus on the
present and the future, and try to predict
what could happen.”

THE SURGE IN SATELLITES promises to bring
yet another InSAR revolution. Italy, Japan,
Argentina, and China all plan to launch ad-
ditional SAR satellites soon, and NISAR, the

880 26 FEBRUARY 2021 » VOL 371 ISSUE 6532

NASA-ISRO mission, will take flight in late
2022 or early 2023. NISAR will image Earth’s
full land surface every 6 days, on average,
says Rosen, the mission’s project scientist.
Its two radar sensors will help researchers
track many things, including crop growth
and changes in woody biomass—crucial for
understanding the climate system. With a
better view of Antarctica than other missions,
NISAR can also monitor changes in ice.

Taken together, Sentinel-1, NISAR, and
the other civil satellites will image most
places on Earth at least every 12 hours,
Rosen says. But the temporal resolution
of InSAR will remain constrained by the
revisit rate of the individual missions,
because the technique can’t be done with
imagery from different missions. However,
private companies with large constella-
tions of microsatellites hope to vault the
field into yet another realm, by radically
increasing revisit frequencies.

On 24 January, a SpaceX Falcon 9 rocket
blasted off from Cape Canaveral, Florida,
carrying three satellites, each about the
size of a minifridge and weighing less
than 100 kilograms, from Iceye. The Finn-
ish SAR startup has raised more than

$150 million toward its audacious goal of im-
aging every square meter of Earth every hour.
The launch brought Iceye’s commer-
cial constellation to six, giving it an early
lead over rival companies such as Capella
Space—which had two satellites on the
same rocket—and Umbra, both based in
California. Iceye plans to add at least eight
more satellites this year, allowing it to re-
visit most of the globe once a day. “That
is groundbreaking,” says Pekka Laurila,
who co-founded Iceye as an undergraduate
at Aalto University and now serves as the
company’s chief strategy officer.

Ultimately, Iceye hopes to assemble a
constellation of as many as 100 satellites as
it approaches its hourly monitoring objec-
tive. That would open up new applications,
like tracking how buildings and dams ex-
pand during the heat of the day and con-
tract at night—a clue to their structural
integrity. Already, Iceye data have been
used to guide ships through Arctic sea ice
and to track illegal fishing vessels. “If you
can work closer to real time, you can actu-
ally do something about it,” Laurila says.

So far, though, Iceye has focused on
flood monitoring, which can guide disaster
response efforts. In fact, the company pro-
vided some of the first images of Grand Ba-
hama after Hurricane Dorian devastated
the island in 2019, Laurila says. Precise
flood data are also valuable to insurers,
who can use them to trigger automatic
insurance payouts after an event instead
of processing claims and sending out in-
spectors. Until now, Iceye has tracked
floods using regular SAR data, but it hopes
to start to apply InSAR as it increases its
revisit frequencies, because the technique
can measure the height and extent of inun-
dation much more precisely.

And that’s just the beginning of what
Laurila hopes Iceye will do. His ultimate
goal is to build a “new layer of digital
infrastructure” that will provide a “real-
time, always-available, objective view on
the world,” he says. He believes that, like
modern GPS, reliable SAR and InSAR data
will support myriad applications, many of
which have yet to be imagined. “Nobody
thought of your Uber and pizza delivery
when they thought of GPS,” Laurila says.

If Iceye and its peers succeed, they will
expose the shifts and shudders of the
planet, day in and day out. They will spy
tilting buildings and slumping slopes, and
they will witness the growth of crops and
the flow of commodities around the world.
If space-based imagery often portrays Earth
as quiet and still, InSAR reveals the true
restlessness of our living planet. =

Julia Rosen is a journalist in Portland, Oregon.
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Yellow buoys indicate where fiber optic cable is being laid beneath the ocean. These telecommunication cables could be exploited to sense seismic waves.

GEOPHYSICS

llluminating tremors in the deep

Telecommunication cables on the seafloor monitor seismic activity

By William Wilcock

he paucity of seismic stations in the
ocean limits sustained seafloor seis-
mic and pressure observations that
are needed for rapid earthquake de-
tection, early warning of damaging
ground shaking, and tsunami predic-
tion and verification. Because establishing
infrastructure in the oceans is expensive,
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there is a big advantage to methods that
use undersea telecommunication cables. On
page 931 of this issue, Zhan et al. (I) describe
a new approach to monitor earthquakes,
oceanic swell, and potential tsunamis. It
relies on observing changes in the polar-
ization of the light that is used to transmit
data through the optical fibers in cables
on the seafloor. This approach requires no
new infrastructure or instrumentation, but

instead relies on utilizing observations al-
ready made to extract the telecommunica-
tions data received at the end of the cable.
The finding should spur implementation of
an array of cable sensing technologies for
geophysical monitoring.

Polarized light is used to transmit data
through telecommunication cables because it
doubles the capacity of each optical fiber. Im-
perfections make fibers birefringent—that is,
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light is refracted in two different directions,
and polarized light travels at slightly differ-
ent speeds depending on the orientation of
polarization. As a result of birefringence,
the orientation and degree of polarization,
known as the state of polarization, change
as light travels along an optical fiber. Be-
cause the birefringence of a fiber is sensitive
to changes in temperature and mechanical
stress from squeezing, bending, and stretch-
ing, the polarization of the light emerging

Seafloor cables and earthquakes

Map centered on the Pacific Ocean shows the distribution of earthquakes of magnitude =6 in the U.S. Geological Survey catalog
from 1970 through 2021, the location of submarine cables from TeleGeography's telecom resources licensed under
Creative Commons CC BY-NC-SA 3.0, and regions within 10° of stations in the Global Seismic Network (light transparent areas).

—— Submarine cables

from a fiber changes with time. To extract the
telecommunications signal, the receiver at
the end of the cable continuously monitors
the state of polarization. For cables on land,
changes in the polarization are dominated by
noise from temperature fluctuations, air flow,
and anthropogenic activity.

Zhan et al. discovered that in the thermally
stable setting of the seafloor, the state of po-
larization can be used to observe geophysical
signals. Using data from a cable connecting
Los Angeles, California, to Valparaiso, Chile,
they detected the body waves generated by
moderate- to larger-sized earthquakes with
predicted maximum ground displacements
as small as 0.1 mm. They also observed an

School of Oceanography, University of Washington, Seattle,
WA 98195-7940, USA. Email: wilcock@uw.edu
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unanticipated later wave that traveled either
in the ocean or as an interface wave along
the seafloor. Polarization is not equally sensi-
tive to earthquakes at all seismic frequencies,
and the sensitivity appeared to vary with geo-
graphic location, suggesting a dependence
on ocean depth or seafloor properties. For
earthquakes in the Middle America Trench,
the amplitudes of signals at 0.15 to 0.35 Hz
increased with the predicted amplitude of
ground motions. More work is required to

6 78 9
Shore stations  o-=o=@mu@@ Earthquake magnitude

understand how the birefringence responds
to seismic waves and how this response is
reflected in the signal integrated along the
cable’s length. However, the findings of Zhan
et al. show that polarization monitoring has
the potential to characterize earthquake size.

Continuous signals were also detected at
around 0.06 Hz, a frequency that correlates
with the amplitude of storm-generated
seismic noise at coastal stations. These sig-
nals, known as primary microseisms, are
generated by the seafloor pressures from
ocean swells on the shallow continental
shelf near either end of the cable. The
observations of Zhan et al. do not extend
down to the frequencies of 0.001 Hz nec-
essary to detect tsunamis, but given that
the amplitude of seafloor pressure varia-
tions from coastal swells is similar to that

of damaging tsunamis in deep water, the
technique has promise for this application.
Future efforts to stabilize the environment
of the shore stations, characterize the land
segments of cable routes, and combine po-
larization measurements from the many
communication channels (wavelengths)
used in the typical submarine cable should
improve signal-to-noise ratio and expand
the bandwidth of observations.

Polarization monitoring adds to an ex-
citing array of new technolo-
gies that exploit submarine
telecommunication cables for
seismic and tsunami observa-
tions. Ultrastable laser inter-
ferometry senses the strains
from seismic waves by measur-
ing changes in the time it takes
light to travel the full length of
a fiber (2). Unlike polarization
monitoring, it requires special-
ized equipment in the shore
station, but has the advantage
of localizing deformation of the
cable if observations are made
from both ends. Distributed
acoustic sensing also measures
changes in strain through the
effect on backscattered light. It
turns a dedicated optical fiber
into a sensor somewhat akin
to a line of closely spaced and
very broadband horizontal seis-
mometers that can extend up
to about 100 km from the in-
terrogating electronics (3). The
scientific potential of this ap-
proach has been demonstrated
in several submarine cables
(4-6), and it is being adopted
commercially to monitor the
nearshore portions of cables to
identify sections at risk of fail-
ure. Science Monitoring and
Reliable Telecommunications (SMART) ca-
ble systems would incorporate a package of
conventional sensors, including accelerom-
eters, seismometers, and pressure gauges,
into the optical repeaters that are spaced
50 to 100 km apart along submarine cables
(7). The concept was first proposed over a
decade ago (8) and is now being planned
for several locations, including a cable ring
linking Portugal, the Azores, and Madeira.
However, the approach is disruptive to es-
tablished practices in the telecommunica-
tions industry and has yet to achieve trac-
tion on major transoceanic cables.

The current distribution of seafloor cables
is not uniform but is quite well configured
for monitoring the seismically active sub-
duction zones that extend around the Pacific
rim and along several other coastlines (see
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the figure). In regions where there are no
cables, particularly the southern oceans,
efforts to develop long-term autonomous
seafloor seismometers (9), operate floating
sensors (10), and deploy strategically placed
arrays of temporary seismometers (11) are
critical for improving the resolution of seis-
mic images of the Earth’s structure and the
completeness of global earthquake catalogs.
Where cables do cross ocean basins, they
could transform academic seismology by
providing new observations in regions that
are presently poorly observed. Subduction
zones are costly to instrument offshore
with dedicated warning systems (12), but
many of the most hazardous coincide with
regions where telecommunication cables
land. Here, distributed acoustic sensing
could be supported by repurposing decom-
missioned commercial cables and by add-
ing spare fibers to the nearshore portions
of new installations. Polarization monitor-
ing and ultrastable laser interferometry
could extend observations further offshore
using cables that run both perpendicular
and parallel to coastlines. Incorporating
fiber-sensing technologies into effective
earthquake and tsunami warning systems
will require that the signals are accurately
quantified through extensive co-sited ob-
servations with conventional seismic and
pressure sensors. Obviously, this can be
most comprehensively achieved by making
the new cables “SMART” with these sensors
incorporated along their path where they
would also contribute to warning. Given
that SMART cables will also provide obser-
vations to constrain how climate change is
affecting the temperature of the deep ocean,
ocean circulation, and sea-level rise (7), it
is time for cable suppliers and technology
companies to step forward and work with
scientists and governments to make them
a reality.

REFERENCES AND NOTES

. Z.Zhanetal.,Science 371,931 (2021).

. G.Marraetal., Science 361,486 (2018).

. T.Parkeretal.,First Break 32, (2014).

E.F. Williamsetal., Nat. Commun.10, 5778 (2019).

. N.J.Lindsey et al., Science 366, 1103 (2019).

. A.Sladenetal.,Nat. Commun.10,5777 (2019).

. B.M.Howeetal., Front. Mar. Sci.6,10.3389/

fmars.2019.00424 (2019).

. Y.You, Nature 466,690 (2010).

. M.D.Kohleretal., Seismol. Res. Lett. 91,1343 (2020).

. F.J.Simonsetal.,J. Geophys. Res. Solid Earth 114,

B05307(2009).

11. H.Kawakatsuetal.,in EGU General Assembly
2016 (2016; http://adsabs.harvard.edu/
abs/2016EGUGA.18.2514K), vol. 18, pp.
EPSC2016-2514.

12. S.Aoietal.,Earth Planets Space 72,126 (2020).

WO O WN

O W o

ACKNOWLEDGMENTS

Ithank J. Delaney, B. Howe, and D. Toomey for comments on
this manuscript.

10.1126/science.abg4479

884 26 FEBRUARY 2021 « VOL 371 ISSUE 6532

CORONAVIRUS

SARS-CoV-2 dependence
on host pathways

A drug that inhibits host protein synthesis shows
antiviral activity against SARS-CoV-2

By Jason P. Wong'? and Blossom Damania'?

evere acute respiratory syndrome coro-

navirus 2 (SARS-CoV-2) first emerged

in 2019, and its high pathogenicity, in-

fectivity, and transmissibility have led

to a global pandemic. Although several

vaccines have been approved in differ-
ent countries, most of the global population
currently remains unvaccinated because of
disparities in vaccine distribution and limited
manufacturing capabilities (7). Owing to a
lack of treatment options (particularly in low-
and middle-income countries), the slow pro-
gression of vaccination, and the emergence
of SARS-CoV-2 variants that elicit reduced
responses to vaccines, there is an urgent need
to identify therapeutics to reduce COVID-19
morbidity and mortality. On page 926 of this
issue, White et al. (2) demonstrate that the
small-molecule drug, plitidepsin, which is ap-
proved to treat relapsed and refractory mul-
tiple myeloma, possesses antiviral activity
against SARS-CoV-2 and may be a promising
drug candidate for treating COVID-19.

In broad terms, treatments for viral infec-
tions can target the virus, host, or underlying
symptoms of infection. Antiviral treatments
work by disrupting the viral life cycle. For
SARS-CoV-2, the life cycle can be divided into
three stages: host cell entry and trafficking,
replication of the viral genome, and pack-
aging and egress of new virions (3) (see the
figure). Entry of SARS-CoV-2 into host cells
occurs through receptor-mediated endocyto-
sis or virion fusion with the cell membrane.
Once in the cell, two polyproteins, ppla and
pplab, are translated from the RNA genome.
These polyproteins are cleaved to generate
nonstructural protein 1 (nspl) to nspl6. The
Nsps form the replication and transcription
complex (RTC), which transcribes the viral
genomic and subgenomic RNA (sgRNA). The
sgRNAs encode structural and accessory pro-
teins. Structural proteins traffic through the
endoplasmic reticulum-to-Golgi secretory
pathway, where viral genomes are packaged
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to form budding vesicles, which are then re-
leased as new virions by exocytosis.

A common class of antivirals being tested
in clinical trials against SARS-CoV-2 is nucle-
oside and nucleotide analogs, which inhibit
viral replication when incorporated into the
RNA by the RTC (3-5). Remdesivir is a nu-
cleotide analog that is presently the only U.S.
Food and Drug Administration (FDA)-ap-
proved antiviral for COVID-19 treatment and
is recommended for use in patients requiring
oxygen that is administered in a noninva-
sive manner (6). However, like other antivi-
rals, it is most effective when administered
early during infection, when individuals ex-
hibit mild-to-moderate disease symptoms.
Currently, remdesivir is given as an intrave-
nous infusion, restricting its use to clinical
settings. Hence, new antivirals with oral bio-
availability, which are readily available and
accessible to the general public, are needed
to shorten the infectious phase and prevent
further spread. Nucleotide or nucleoside ana-
logs that can be administered orally, such as
sofosbuvir (combined with either daclatas-
vir or ledipasvir), ribavirin, and favipiravir
are being tested in clinical trials for treating
COVID-19. Favipiravir has shown promise in
a few open-label clinical trials for COVID-19,
but more studies are needed to confirm its
efficacy (3). Another way to disrupt viral ge-
nome replication is to prevent cleavage of the
polyproteins that generate the RTC. Many
clinical trials are examining if lopinavir and/
or ritonavir, which target the SARS-CoV-2
3C-like protease that is responsible for cleav-
ing the polyproteins (6), are effective. Other
inhibitors in clinical trials include those that
target viral entry and trafficking such as
camostat mesilate and baricitinib (6).

An alternative antiviral approach is to tar-
get host cell pathways that are essential for
virus replication, such as protein synthesis.
Viruses are completely dependent on the host
for translation and have evolved a variety of
ways to exploit this machinery for their use
(7). In human cells, translation can be di-
vided into four phases: initiation, elongation,
termination, and recycling of the ribosome.
Translation is initiated by binding of the 5’
cap on messenger RNA (mRNA) by the 43S
preinitiation complex. This complex scans
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the mRNA for the start codon and recruits
the 60S ribosomal subunit to complete the
assembly of the ribosome and begin elonga-
tion. Viruses can mimic host mRNAs, which
contain a 5’ cap, 3’ polyadenylated tail, and
untranslated regions (UTRs) flanking the
5" and 3’ end, to utilize the host translation
machinery (7, 8). The SARS-CoV-2 proteins,
nspl0, nsp13, nspl4, and nspl6, cap the 5’ end

of viral RNA (3). Coronaviruses
are known to down-regulate
global host mRNA translation
(8). SARS-CoV-2 nspl blocks en-
try of mRNAs into the ribosome,
thereby preventing translation
(9-11). Currently, it is unclear
whether viral mRNAs are com-
pletely able to avoid suppres-
sion by nspl (10, 1I). However, a
reporter gene encoding a viral
5" UTR demonstrated a fivefold
increase in gene expression in
comparison to one encoding
a host cell 5 UTR (10). Thus,
SARS-CoV-2 commandeers the
host translational machinery and
is highly dependent on it to make
its own viral proteins.

White et al. convincingly
demonstrate that plitidepsin,
which targets the host eukary-
otic translation elongation factor
la (eEF1A), possesses antiviral
activity against SARS-CoV-2.
Treatment of mice with plitidep-
sin reduced viral lung titers and
lung pathology upon infection to
a similar degree as remdesivir.
Expression of the structural pro-
tein, N, was also lower in pliti-
depsin-treated cells compared to
remdesivir-treated cells despite
similar amounts of N sgRNA
in both cells. This is likely due
to the inhibition of translation
of N by plitidepsin. A concern
and limitation of translation
inhibitors are the potential tox-
icities arising from the systemic
inhibition of host translation.
However, the safety profile of
plitidepsin is well studied as it
has been tested in many cancer
clinical trials (2). An open-label
proof-of-concept clinical trial of
plitidepsin, given intravenously,
to treat COVID-19 has been
completed (NCT04382066), and
another translation inhibitor,
zotatifin, is in clinical trials
as an intravenous treatment
for COVID-19 (NCT04632381).
Zotatifin inhibits the eukaryotic
translation initiation factor 4A

SCIENCE sciencemag.org

(eIF4A) (2). Both phase 1 clinical trials aim to
evaluate the safety of these inhibitors for use
in patients with mild or moderate COVID-19.

Another small molecule that modulates
host translation is rapamycin, which is an
orally administered drug that regulates Ki-
nases involved in host protein synthesis (12).
Multiple clinical trials are underway to exam-
ine the efficacy of rapamycin in patients with

Targeting the viral life cycle

The SARS-CoV-2 life cycle begins with entry into the host cell, followed by
generation of the RTC derived from ppla translated from ORFla, and pplab
translated by ribosomal frameshifting to ORF1b. Then, the viral genome is replicated
and packaged into new virions. Inhibitors (red) targeting viral and host factors

that are important in the viral life cycle could prevent the spread of infection.
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mild to moderate COVID-19. The study of
White et. al. suggests that translation inhibi-
tors may have promise in treating patients
with mild or moderate COVID-19. There
are discernable advantages to targeting the
host, which include creating a higher bar for
viruses to develop resistance and a broader
protection against diverse viral strains.
Despite the rollout of vaccines in several

countries, discovering antivirals
to treat SARS-CoV-2 continues
to be important. There are al-
ready concerns about the emer-
gence of SARS-CoV-2 variants
that may be less susceptible to
the current vaccines. Moreover,
new antivirals are needed if
remdesivir-resistant SARS-CoV-2
strains emerge. Recent data indi-
cate that plitidepsin maintains
potent antiviral activity against
the B.11.7 SARS-CoV-2 variant
(13). Furthermore, many viruses
rely on similar host pathways
for propagation, leading to some
antivirals having a broad spec-
trum of activity against multiple
viruses (3, 6). Remdesivir was
originally identified for treating
hepatitis C and respiratory syn-
cytial virus, but was ineffective.
It was repurposed for use against
Ebola virus, and now against
SARS-CoV-2. This suggests that
antivirals discovered in the race
to treat COVID-19 may be useful
for future epidemics.
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CHEMICAL DYNAMICS

Transition states and spin-orbit structure

Spin-orbit coupling is required to explain a set of scattering resonances in the F + HD reaction

By T. Peter Rakitzis

ransient intermediate structures
between reactants and products
in chemical reactions—transition
states—can be probed by colliding
the reactants at a well-defined colli-
sion energy E_, and then observing
the product scattering angle 6 and prod-
uct kinetic and internal energy. By varying
E_,, sharp variations, or resonances, can be

of the spin angular momentum s and the
orbital angular momentum 1 yields the total
angular momentum j, through vector addi-
tion, j = 1 + s. Thus, the quantum number
J can have multiple values, ranging, in inte-
ger steps, from /+ s when 1 and s are paral-
lel to |/ - s| when they are antiparallel.
Each value of j corresponds to a differ-
ent electronic state. For example, for halo-
gen atoms (and H atoms in p orbitals), the
quantum numbers [/ = 1 and s = 1/2 add

to yield j = 3/2 (the halogen-atom ground
state) and subtract to give state j = 1/2
(note that the quantized angular momen-
tum magnitude |j|=\j(j + 1) &, where i =
h/27, and A is Planck’s constant). The rela-
tivistic spin-orbit energy splitting between
these two states is very small for H(2p)
atoms, at ~0.000045 eV (where the aver-
age electron orbital speed is about 1% of
the speed of light). However, it increases
strongly with atomic number to reach 0.05

observed in the probability of form-
ing the product at a particular scat-
tering angle and internal energy.
These resonances correspond to the
energy-level structure of the tran-
sition state and have been investi-
gated in the F + HD — HF + D reac-
tion for decades (Z). On page 936 of
this issue, Chen et al. (2), through
scattering experiments with high
resolution and sensitivity, have ob-
served a distinct set of scattering
resonances for F + H, which theory
can only reproduce by including
electronic spin and orbital angu-
lar momentum. Thus, the authors
measure the transition-state struc-
ture with previously unattainable
sensitivity.

The geometry and energetic struc-
ture of the transition region plays a
crucial role in our understanding of
chemical reactivity. However, the ex-
tremely short lifetime of the transi-
tion state (typically less than 1072s)
does not allow the application of op-
tical spectroscopy to probe its struc-
ture, so more indirect methods must
be used. The energy of the electronic
states of atoms and molecules is de-
termined predominantly by the elec-
trostatic attraction and repulsion
among the negatively charged elec-
trons and positively charged nuclei.
Smaller but important contributions
result from the magnetic interaction
between the magnetic moments of
the electron spins and the electronic
orbital angular momentum, known
as spin-orbit coupling. This coupling
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Explaining “horseshoe” scattering

The reactive collision of F atoms and ground-state HD molecules to
form HF + D studied by Chen et al. revealed scattering resonances that
could only be explained by including spin-orbit energy effects.

Collision and scattering

A quasi-bound resonance in the "asymmetric stretch" of the FHD transition
state is formed (top). In the scattering profiles (bottom), measured at
angle 6 and speed (radius) of the D-atom products, each ring is a different
vibrational state v’ and rotational state ' of the HF product.

Ca

S

FHD transition state —/

D(Sy2)

9
\9@

F (P

HD (v=0,j=0)

0°

e——— Horseshoe

40 20 0 20 40 -40 20 0 20 40
Scattering angle 6 (degrees) Scattering angle 6 (degrees)

Spin-orbit transition-state structure

Theory must include electronic spin and orbital angular momentum in the
transition state (green line; red line without) to explain the experimental
horseshoe pattern (open circles).
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eV for F atoms and 0.94 eV for I
atoms (where average electron or-
bital speed is a large fraction of the
speed of light), and the spin-orbit
energy is about 10% of the electron
binding energy. Thus, spin-orbit
effects play an increasingly impor-
tant role for the structure and re-
activity of heavy atoms.

Until now, the theoretical treat-
ments of the F + HD reaction
needed to explain the extensive
experimental measurements of the
scattering distributions have not
required the inclusion of spin-orbit
effects in the transition state. Chen
et al. selected a particular reactive
resonance at a collision energy of
2.10 kcal/mol and identified a pe-
culiar horseshoe-shaped feature in
the scattering distribution (see the
figure). This feature could not be
well described by the standard the-
oretical treatment, which had er-
rors of about 20 to 40% (red line in
insets). However, when spin-orbit
coupling is included (3), s and 1 are
coupled to the nuclear orbital an-
gular momentum L, to yield four
states, with total angular momen-
tum quantum numbers L + 1/2 and
L + 3/2. The inclusion of the inter-
ference between these four spin-
orbit split resonance pathways
(J17.5L17-, J17.5L19-, J18.5L17+
and J18.5L19+) in the calculations
provides the accurate dynamical
picture of this benchmark chemi-
cal reaction (green line in insets).

Through reactive scattering at a
resonance, Chen et al. have iden-
tified a method for isolating and
measuring the spin-orbit structure
of the transition state. Given this
result, it might seem that the im-
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pressive series of experiments on the F +
HD reaction that test the theory of chemi-
cal reactions to new limits have reached
their limit. For three-atom reactions, the
end seems nearer than ever before. How-
ever, although the authors have controlled
and measured the energy of the reactants
and products with quantum-state preci-
sion, there is one final quantum number
that is left to be controlled and measured:
the magnetic quantum number m; of each
angular momentum j, (where the subscript
i can be F, HD, HF, or D), which is the pro-
jection of each j, on a laboratory axis and
determines the relative spatial orientation
of the angular momenta of the reactants
and products.

For example, selection of m;, can con-
trol whether the F-atom p orbital is pref-
erentially parallel or perpendicular to the
F velocity vector, and selection of m; o
(for j,, > 0) can control whether the HD
bond is preferentially parallel or perpen-
dicular to the HD velocity vector. Such
control provides intuitive models of the
reactive encounter, whereas the reduction
in the averaging over all possible orienta-
tions will further amplify resonance effects
and will test theory even more stringently.
Methods for the control and measurement
of the angular momentum orientation of
HD, halogen atoms, HF, and D atoms have
been demonstrated (4—7), opening the way
for such m-state-resolved experiments.

Progression to experiments with larger
systems is also an obvious next step.
Recently, theory explained the cold HCI ro-
tational distributions from the nine-atom
Cl + C,H, — HCI + C,H_ reaction (8), re-
solving a nearly 25-year discrepancy with
the experimental measurements. The close
interplay between theory and experiment
continues in the long quest to understand
chemical reactivity and reactions of in-
creasing complexity.
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REGENERATION

In the zone for liver proliferation

Distinct liver compartments contribute to hepatocyte
homeostasis versus regeneration

By Emma R. Andersson

n humans, the liver is the most regener-

ative solid organ, able to regrow to nor-

mal size after removal of up to 90% of

the liver volume (7, 2). The liver is also

distinct because it scales with body size,

a characteristic that has been attributed
to a “hepatostat” that adjusts liver size to
the needs of the body (3). Identifying the
cells contributing to liver homeostasis and
repair could lead to therapies that can acti-
vate specific cellular compartments respon-
sible for regeneration. On pages 906 and
905 of this issue, Wei et al. (4¢) and He et al.
(5), respectively, find that, in mice, a subset
of cells in a particular region of the liver,
called midlobular zone 2,
are the major contributors
to hepatocyte prolifera-
tion during homeostasis
and identify other hepa-
tocyte subsets that con-
tribute to regeneration
after damage. This raises
questions regarding the
mechanisms that induce
hepatocyte proliferation
and the zonal division of
labor with respect to the
hepatostat.

At first glance, the liver
appears to be composed
of a “simple” repeating
architectural element, the
liver lobule. Conceptually,
the liver lobule is a hexagonal unit with
a central vein in the middle and a portal
vein, hepatic artery, and bile duct (lined
by biliary cells) at each of its six corners,
separated by hepatocyte sinusoids and
other cell types (see the figure). However,
a strategic division of labor in the liver is
achieved through specialization of cellular
roles as a function of the architectural gra-
dient (6-8) from the portal or central vein,
spanning three zones from periportal to
midlobular to pericentral. Most emphasis
thus far has been placed on the specializa-
tion of the periportal zone (zone 1), which
is enriched for gluconeogenesis and cho-
lesterol and urea biosynthesis functions,
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“By distributing
proliferative potential
widely across zones...

the liver achieves
a capacity to rapidly

respond to damage
with proliferation of
the healthiest
hepatocytes without
the use of stem cells.”

and the pericentral zone (zone 3), which
is enriched for glycolysis and glutamine
and bile acid biosynthesis functions. Less
is known of the role of zone 2, which has
largely been considered a transition zone,
in addition to its function in the regulation
of iron concentration in the blood (6).
Both hepatocytes (9, 10) and biliary cells
(11-13) can contribute to regeneration of
hepatocytes, depending on the context.
Although a tendency toward repopulation
from zone 2 had been noted, homeostatic
proliferation has been suggested to be
broadly and relatively equally distributed
among different liver zones. The studies of
Wei et al. and He et al. describe new tools
to trace and identify proliferating cells in
liver. By indelibly labeling
cells of interest at a given
time point and examining
their status at a later time
point, it is possible to
trace the lineages of cells
derived from the origi-
nal cells of interest to
unravel principles of de-
velopment, homeostasis,
or pathology (14). The
workhorse of genetic lin-
eage tracing uses induc-
tion of permanent expres-
sion of a fluorophore,
through excision of an
upstream stop cassette
by site-specific recombi-
nases (SSRs), usually the
Cre-LoxP system. By directing SSR expres-
sion to specific cell types using cell type-
or cell function-specific promotors, dis-
tinct cell types, or cells undergoing defined
processes, can be followed over time.
Maintaining liver size in normal condi-
tions, during homeostasis, requires repopu-
lation of cells lost because of normal turn-
over. By contrast, in response to damage,
cells must regenerate damaged tissue. To
determine the competence of hepatocytes
in different zones to repopulate or regen-
erate the liver, Wei et al. generated 11 new
conditional Cre mouse strains that allow in-
ducible fluorescent labeling of hepatocytes
in different zones and performed lineage
tracing with these and three other extant
Cre strains under homeostatic or damaging
conditions. To exclusively trace proliferat-
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ing cells in a cell type-specific
and inducible manner, He et al.
developed a strategy to induc-
ibly and permanently fluores-
cently label specific proliferating
cells using combinatorial SSRs,
dubbed ProTracer. Collectively,
using these new tools and ap-
proaches demonstrated that
zone 2 midlobular hepatocytes
are the main source of repopu-
lating hepatocytes during ho-
meostasis but that regeneration
of hepatocytes is dependent on
where the liver injury occurs.

Random lineage tracing after
liver injury has demonstrated
that periportal and midlobu-
lar hepatocytes reconstitute
liver after a pericentral injury,
whereas pericentral and mid-
lobular hepatocytes reconsti-
tute liver after periportal injury
(9). Although hepatocytes from
all zones have the capacity to
proliferate, Wei et al. show that
during homeostasis, zone 1 he-
patocytes diminish in number,
whereas zone 3 hepatocytes
remain steady in number. By
contrast, zone 2 hepatocytes in-
crease more than threefold over
a year, suggesting that zone 2
hepatocytes are the main source
of proliferating hepatocytes
during homeostatic conditions, confirm-
ing previous work using random rainbow
lineage tracing (9). Similar to previous
findings, the response to periportal injury
resulted in expansion of zone 3- and zone
2-traced hepatocytes, whereas pericentral
injury resulted in expansion of zone 1- and
zone 2-traced hepatocytes. It is thus now
clear that the capacity of hepatocytes to
proliferate is broadly spread among lobule
zones but that predominantly zone 2 he-
patocytes maintain homeostasis, whereas
predominantly zone 1 and zone 3 hepa-
tocytes respond to injury and repopulate
the liver after injury to zones 3 and 1, re-
spectively. Liver function and repair are
thus maintained by hepatocytes in general
and not by a rare stem cell population.
Thanks to these newly developed mouse
Cre strains, it will be possible to unravel
exactly which hepatocytes and signaling
mechanisms contribute to liver homeosta-
sis, growth, repair, or cancer. It will also
be interesting to investigate the sexual di-
morphism of increased liver regeneration
in females.

ProTracer is an interesting approach to
tracing cells that have proliferated. This
method allows inducible lineage tracing of
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Liver architecture is defined by repeating units, called liver lobules, which
have a hexagonal structure with a central vein and a portal triad (portal

vein, hepatic artery, and bile duct) at each corner, separated by hepatocytes.
Hepatocytes exhibit specialized functions from the portal vein to the central
vein, creating three zones. Zone 2 hepatocytes are the main contributors to
homeostatic proliferation, whereas hepatocytes in zones 1and 3 are
capable of regenerating liver after damage to zones 3 and 1, respectively.
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cells that proliferate from a specific time
point. During homeostasis, continuous pro-
liferation tracing using ProTracer showed
that zone 2 hepatocytes proliferate twice
as much as zone 1 hepatocytes and eight
times more than zone 3 hepatocytes, fur-
ther strengthening the concept that zone
2 hepatocytes are the main contributors to
liver homeostasis. By contrast, regeneration
after partial hepatectomy in which whole
liver lobes are removed, and which induces
enlargement of the remaining liver lobes,
was first dominated by proliferation of zone
1 hepatocytes (at 40 hours), and by 7 days,
zones 1 and 2 were 80% populated by he-
patocytes that had undergone proliferation,
whereas only half of zone 3 hepatocytes had
undergone proliferation.

The ProTracer mouse model opens up
the possibility of tracing cell proliferation
from adult stages over longer time scales
(several months) in a continuous manner,
enabling the identification of slowly cy-
cling cells and rare stem cells in various or-
gans. This may unveil previously unknown
stem cell populations. In the liver, regen-
eration after injury is usually maintained
by cells with phenotypic fidelity: Typically,
hepatocytes regenerate hepatocytes, and

One liver lobule

Hepatocyte

biliary cells regenerate biliary
cells. By distributing prolif-
erative potential widely across
zones, and soliciting recovery
from the least-damaged regions,
the liver achieves a capacity to
rapidly respond to damage with
proliferation of the healthiest
hepatocytes without the use
of stem cells. Whether specific
hepatocyte zones are more or
less important for regeneration
and whether certain hepatotox-
ins are more damaging because
they target important subsets of
hepatocytes are questions that
can be addressed with these
\ new tools.

Y The studies of Wei et al. and
' He et al. raise several questions.
Zone 1 hepatocytes proliferate
far more than zone 3 hepato-
cytes, yet zone 1 hepatocyte
numbers decline with time,
whereas zone 3 numbers remain
steady. Do hepatocytes have dif-
ferent life spans depending on
their location? It is also unclear
which molecular mechanisms
induce zone-specific hepatocyte
proliferation in response to dis-
tinct modes of injury; perhaps
these can be leveraged thera-
peutically to induce or acceler-
ate regeneration of hepatocytes.
Although hepatocytes can transdifferenti-
ate to regenerate the biliary tree (15), it is
not yet known whether transdifferentia-
tion is a function of only a subset of he-
patocytes and whether this also could be
leveraged therapeutically to induce regen-
eration in biliary diseases. These questions
and others can now begin to be addressed,
building a foundation to approach liver
disease therapeutically.

REFERENCES AND NOTES

1. A.P.Monaco, J. Hallgrimsson, W. V. McDermott Jr., Ann.
Surg.159,513 (1964).
2. B.Cady,M.Bonneval,H.R.Fender Jr., Am.J. Surg.137,
514 (1979).
3. G.K.Michalopoulos, B.Bhushan, Nat. Rev.
Gastroenterol. Hepatol. 18,40 (2021).
4. Y.Weietal.,Science 371, eabb1625 (2021).
5. L.Heetal.,Science 371,eabc4346 (2021).
6. K.B.Halpernetal., Nature 542,352 (2017).
7. K.B.Halpernetal.,Nat. Biotechnol. 36,962 (2018).
8. A.Braeuningetal., FEBSJ.273,5051(2006).
9. F.Chenetal.,Cell Stem Cell 26,27 (2020).
10. Y.Malatoetal.,J. Clin. Invest.121,4850 (2011).
11. A.Ravenetal., Nature 547,350 (2017).
12. X.Dengetal.,Cell Stem Cell 23,114 (2018).
13. J.0.Russelletal., Hepatology 69, 742 (2019).
14. C.S.Baron,A.van Oudenaarden, Nat. Rev. Mol. Cell Biol.
20,753 (2019).
15. J.R.Schaubetal., Nature 557,247 (2018).

10.1126/science.abg4864

sciencemag.org SCIENCE

GRAPHIC: N.DESAI/SCIENCE



GRAPHIC: N.DESAI/SCIENCE

PHOTONICS

High-speed harvesting of random numbers

A broad-area multimode laser can be made into a powerful random number generator

By Ingo Fischer! and Daniel J. Gauthier?

uman-made physical random num-

ber generators (RNGs) can be traced

back 5000 years or more. Early ex-

amples such as knucklebones, two-

sided throwsticks, or dice have been

found in the Middle East, India, and
China. RNGs were used for fortune tell-
ing and games of chance, with the oldest
known board games of similar age as those
of the number generators. Today, RNGs are
vital for services and state-of-the-art tech-
nologies such as cryptographically secured
communication, blockchain technologies,
and quantum Key distribution. Moreover,
RNGs are needed in machine learning and
scientific applications such as Monte Carlo
numerical methods. On page 948 of this is-
sue, Kim et al. (I) demonstrate an ultrafast
RNG based on a broad-area laser with a
multispot beam that is analogous to gener-
ating random numbers by using many dice
at once.

Random numbers are often generated by
using a software algorithm running on a
computer, called “pseudo”random because
the sequence eventually repeats. Moreover,
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relations among the numbers can exist that
reveal that the numbers are not uniformly
random. Hence, true RNGs (TRNGs) are
of great interest, providing random num-
bers based on physical measurements that
involve some noisy or stochastic process.
All TRNGs have some nonidealities, such
as generating zeroes more frequently than
ones for a binary-output device, which must
be mitigated by carefully engineering the
device and postprocessing the data to im-
prove the randomness quality (2).

Some applications require generating
random numbers at very high rates, such
as encrypting data in cloud-computing data
centers, high-speed communication net-
works, or massive simulations. Photonic de-
vices are a natural fit for these applications
because of their potential for high-speed op-
eration, compact size for chip-scale devices,
and low power consumption.

Recently, Marangon et al. (3) developed a
TRNG that is based on interfering two dif-
ferent lasers on a beam splitter and detect-
ing the resulting powers that emanate from
its two output ports. The randomness comes
about from quantum fluctuations in a la-
ser due to a process known as spontaneous
emission of photons. This process random-
izes the phase of the light emitted by each
laser, and this phase variation is converted
to an intensity variation through the inter-
ference effect. Measuring which output port
of the interferometer has the higher or lower
intensity can be used to generate a one or

a zero, respectively, at random. A compact
device can be realized by generating random
numbers in real time at a rate of 8 Gb/s for
days at a time, passing tests that are used to
assess the quality of the bit stream.

The bottleneck in reaching higher speeds
is that the lasers are single-mode and only
generate a Gaussian beam-like spot at a
single frequency. Kim et al. overcome this
bottleneck by using a broad-area laser that
simultaneously emits a plethora of modes,
resulting in a multispot beam. The patterns
undergo a complex dance, writhing and
growing bright and dim because of phase
and amplitude variation of the light within
the laser (see the figure). For a good TRNG,
engineering the broad-area laser cavity is
especially necessary so that spatial and tem-
poral correlations are minimized. The au-
thors do so, which is a major achievement.

Common broad-area lasers are known
to exhibit irregular intensity pulsations in
space and time because of the nonlinear
interaction of light and the laser medium
(4). Such instabilities result in correlations
of their emission with characteristic spatial
and temporal scales and are exceedingly dif-
ficult to avoid. This situation has plagued
attempts to apply broad-area lasers more
widely. Bittner et al. (5) showed that they
could largely suppress the onset of spatio-
temporal instabilities by using a cavity with
a D shape, inspired by chaotic billiards; the
balls on a D-shaped billiard table follow
chaotic trajectories (6).

Creating bits with laser intensity

Ultrafast random bits are generated from a broad-area laser with a bow-tie cavity. In order to generate the random bits, first intensities separated by ~6 ps are subtracted
from each other for the same positions on the detector. This creates bits of either ones or zeroes, which then undergo the exclusive-OR (XOR) logic operation with bits

of another spot separated by half the width of the aperture. The XOR operation produces a one if the two inputs are different or a zero if the two inputs are the same. The
broad-area laser allows for many different positions on the detector to be used simultaneously, allowing for fast generation of bits.

Bow-tie laser
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Kim et al. introduce another approach
based on adapting the shape of the cav-
ity. After performing extensive numeri-
cal modeling, the authors chose a bow-tie
shape and precisely microfabricated a la-
ser chip. The authors managed to boost the
number of modes, avoiding their locking,
and thereby substantially reduced the spa-
tial and temporal correlation scales to 1.5
pm and 2.8 ps, respectively.

Another advantage of using the spatial
degree of freedom of the special laser de-
sign is avoiding the two separate lasers and
interference on an auxiliary beam splitter
(3). Random numbers can be “harvested”
from the complex emitted pattern by mea-
suring the intensity at 254 spatial positions
on ultrafast time scales (on the order of 1
ps) by using a special high-speed camera.
This strategy is truly an ultrafast Demeter
meeting chance.

Through this effort, they achieved a ran-
dom bit generation rate of 250 Th/s, which
is much more than an order of magnitude
greater than previous efforts. A full technical
implementation of such an ultrafast TRNG
still faces several challenges that need to
be overcome. The high-speed camera could
only capture data over a limited time (~2
ns), so they had to collect and concatenate
multiple records to generate the more than
10° random numbers needed for the various
statistical tests of randomness. Replacing
the camera with a multitude of integrated
photodetectors is yet to be achieved. Also,
the required postprocessing of the measured
intensities to ensure randomness is, at such
speed, a task for the future.

Looking beyond, the innovative approach
to tailor the spatial and temporal emission
properties of broad-area lasers and ma-
nipulating the nonlinear interaction of light
with the laser medium opens other applica-
tions that require many degrees of freedom.
Several machine-learning approaches are
based on a random mapping of low-dimen-
sional input data onto a high-dimensional-
state space, which might be accomplished by
injecting a data-encoded beam into a tailored
laser. Hence, broad-area lasers may become
attractive photonic integrated circuits for ul-
trafast information processing (7, 8).
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CORONAVIRUS

Optimizing age-specific

vaccination

Vaccination strategies are not one-size-fits-all

By Meagan C. Fitzpatrick'? and
Alison P. Galvani?

fficacious vaccines against severe

acute respiratory syndrome coronavi-

rus 2 (SARS-CoV-2) have been devel-

oped, tested, and approved for emer-

gency use with unprecedented speed.

Deployment of multiple vaccines was
initiated in several countries less than 1year
after identification of the virus. Although
vaccine production is being rapidly scaled
up, demand will exceed supply for the
next several months. Consequently, an ur-
gent challenge is the optimization of vac-
cine allocation to maximize public health
benefit. On page 916 of this issue, Bubar
et al. (I) demonstrate that vaccination of
older people is the optimal age-based strat-
egy to alleviate the burden of COVID-19.
Although vaccination of younger adults is
projected to avert the greatest incidence,
vaccinating older adults will most effec-
tively reduce mortality. In addition, they
assess targeted vaccination that was based
on serological status, finding that vacci-
nating seronegative individuals improves
efficiency especially in settings where sero-
prevalence is high.

Some have looked to influenza vacci-
nation strategies for guidance, given that
SARS-CoV-2 is a respiratory virus with
similar modes of transmission (2). Until
2008, the U.S. Centers for Disease Control
and Prevention (CDC) prioritized people
aged 50 years and older for influenza vac-
cination because of their increased risk of
mortality (3). To evaluate this long-stand-
ing policy, optimal influenza vaccine allo-
cation was determined on the basis of a dy-
namic transmission model combined with
optimization algorithms that facilitated
the searching of wide ranges of parameter
space across multiple dimensions concur-
rently (4). The dynamic model component
simulates both the direct protection con-
ferred to a vaccinated individual as well as
the indirect protection for others that is
attributable to reductions in onward trans-
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mission. This modeling indicated that al-
locating scarce vaccines to school-age chil-
dren and young adults achieves the most
effective reduction in influenza burden
whether measured in terms of incidence,
hospitalizations, years of life lost, or eco-
nomic cost (4). These insights prompted
an expansion of recommendations to pri-
oritize school-age children (5), which in-
terrupts transmission for all ages and bol-
sters indirect protection against mortality.
Bubar et al. extend the framework of trans-
mission modeling combined with vaccine
optimization developed for influenza (4) to
explore SARS-CoV-2 vaccination strategies
and, different from the optimal influenza
vaccination strategy, they conclude that
vaccinating older people most effectively
mitigates mortality from COVID-19.

Although it may seem intuitive that the
optimal strategies against influenza and
COVID-19 would be identical, vaccine op-
timization is not one size fits all, even for
apparently similar pathogens. Quantitative
changes in the epidemiological landscape
can lead to qualitative shifts in optimiza-
tion (see the figure). The age-specific prob-
ability of infection is a key component of
this landscape. As a result of contact pat-
terns, older people are simultaneously less
exposed to and less responsible for on-
ward transmission of both influenza virus
and SARS-CoV-2 (6). An awareness of their
heightened risk for severe clinical outcomes
from COVID-19 has further suppressed con-
tacts of older people. By contrast, essential
workers, who are more likely to be exposed
to SARS-CoV-2, are usually younger adults.
These behavioral factors point to reduced
public health benefit from vaccination of
older people, but there are other factors
that must also be considered.

Vaccine efficacy also affects optimiza-
tion. Vaccines that elicit more efficacious
direct protection against infection concomi-
tantly generate stronger indirect effects (7).
Highly efficacious vaccines administered
to younger people can efficiently interrupt
transmission chains, whereas modestly ef-
ficacious vaccines do not. With everything
else being equal, vaccine efficacy as high
as so far reported for SARS-CoV-2 vac-
cines also favors prioritization of younger
people (7, 8). A caveat is that clinical tri-

sciencemag.org SCIENCE



GRAPHIC: N.DESAI/SCIENCE

als for SARS-CoV-2 vaccines have
measured protection against symp-
tomatic disease, not necessarily
infection. If these vaccines are less
efficacious against infection and
onward transmission, indirect pro-
tection would be diminished, and
vaccination of older people would
be consistently optimal.

Key determinants of age-based vaccination
Epidemiological factors drive age-based vaccine optimization

for influenza and COVID-19 with varying influence according to the
mechanism and magnitude of the factor. When there are stark
differences in mortality risk with age, or when the reproductive number
Ry is high, older people are more likely to be prioritized for vaccination.
By contrast, high vaccine efficacy, the amount of social contact among
younger people, and widespread adherence to nonpharmaceutical
interventions can shift prioritization toward younger ages.

also be applied to decisions about
allocation that are not based on
age but in which there are analo-
gous dichotomies between mortal-
ity and transmission potential. At
the same time, it is imperative to
remain cognizant that model pre-
dictions are only as accurate as the
data on which they are based. A

However, the magnitude of two
other elements counterbalances
the influence of age-specific con-
tact rates and high vaccine efficacy
on optimal vaccination strategies:

Influenza COVID-19

Difference in age-specific mortality

I

R

particular limitation of modeling
during an emerging disease out-
break is the sparsity of data (13).
Current sources of imprecision for
modeling the COVID-19 pandemic

overall infectiousness and differ- Prioritize 0 Prioritize include evolving age-specific be-
ences in case fatality according to  vaccination _ _ vaccination  havioral patterns as well as the
age. Vaccines are less able to pre-  ©f younger o of older temporal and geographical hetero-
e ae people Vaccine efficacy people e . .

vent death through indirect pro- - _ geneity in adoption of NPIs. Also,
tection when infectiousness rises a persistent pitfall for modeling is
because the virus is able to infect Vaccine performance in older people that analyses that galvanize action
more unvaccinated people. SARS- | to avert crisis necessarily make
CoV-2 is highly contagious: Its re- themselves obsolete (13).
productive number, R, (the average Contact patterns Bubar et al. elegantly synthesize
number of secondary infections _ _ the available data for COVID-19
arising from a single case when Adoption of nonpharmaceutical interventions within their model, concluding
everyone is assumed to be suscep- ‘ _ that the age-based strategy that
tible), is typically double that of ” ! saves the most lives is vaccination
. a ength of bars indicates magnitude of factor o

influenza virus (7, 9). Furthermore, of older individuals. Both SARS-
age-based differences in case fatal- = Overall age-based prioritization CoV-2 and influenza virus vaccina-
ity are much larger for COVID-19 < tion can be optimized within the

. c COVID-19 . .
than for influenza. For example, g overarching paradigm that bal-
hospitalized individuals aged 71 to S ances the indirect risks of trans-
80 years have 46.2 times the risk £ Influenza mission against direct risks from
of mortality compared with those S| mortality. Although vaccinating
o

aged 18 to 30 years, whereas this
parameter is 9.3 times for sea-
sonal influenza (10). Indirect effects from
vaccinating younger people are unlikely
to compensate for the amplified direct
risk posed to older people by COVID-19.
Beyond overall efficacy, vaccine character-
istics can affect optimal vaccination strate-
gies. Influenza vaccines have variable age-
specific efficacy, with reduced protection
for older people compared with younger
individuals (7). Interim data from an ongo-
ing phase III clinical trial of a SARS-CoV-2
vaccine do not indicate a comparable dis-
crepancy because the vaccine appears to
have similar efficacy across age groups (8).
An additional consideration relates to
the age-specific effectiveness of nonphar-
maceutical interventions (NPIs). Some
measures, including masks and movement
restrictions, reduce transmission risk re-
gardless of symptom status. Others, such
as temperature checks, are symptom-based
and therefore miss asymptomatic infec-
tions. When the severity of symptoms cor-
relates with age, such as for COVID-19 and
influenza, there is a parallel correlation in
the effectiveness of symptom-based inter-
ventions. Given that young people are more
likely to be asymptomatic (I1I), infections
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in this group are less likely to be contained
by symptom-based control but are still
able to be prevented by vaccination. Under
these conditions, the delayed vaccination
of young people would increase the ratio
of asymptomatic to symptomatic infec-
tions. Such silent transmission has driven
the widespread dissemination of SARS-
CoV-2 (12). Although these considerations
are unlikely to greatly alter prioritization
for COVID-19 vaccines, public health offi-
cials should be mindful of these changing
dynamics during the period when many
older individuals are vaccinated and many
younger people are not. It is imperative to
maintain NPIs until high vaccination cov-
erage is attained in all age classes.

The complexity of these epidemiological,
clinical, behavioral, and vaccine-related
relationships underscores the importance
of pathogen-specific transmission model-
ing to inform vaccination strategies. Such
models have guided vaccination poli-
cies for myriad diseases, including those
caused by rubella virus, human papillo-
mavirus, and varicella-zoster virus, which
exhibit age-specific patterns in both trans-
mission and severity. This framework can

younger people prevents the most

infections for both viruses, the
difference is that this strategy does not
also avert the most deaths for COVID-19.
To vanquish a pathogen that causes such
steeply divergent case fatality rates as that
of SARS-CoV-2, the optimal strategy is
clear: Directly vaccinate those with great-
est personal risk.
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RETROSPECTIVE

Paul J. Crutzen (1933-2021)

Father of modern atmospheric chemistry

By Susan Solomon

aul J. Crutzen, renowned atmospheric

chemist and meteorologist, died on 28

January after a long illness. He was 87.

During his inspired scientific career,

he made breakthroughs that shed

light on the ozone layer, air pollution,
greenhouse gases, nuclear winter, and the ef-
fect of human activities on climate. Crutzen’s
towering academic achievements influenced
environmental policies worldwide. Through
it all, he maintained an open, joyful, and
graceful disposition that endeared him to col-
leagues and students alike.

Born on 3 December 1933 to a working-
class family in Amsterdam, Crutzen survived
the Dutch famine of 19441945 (dubbed the
“hunger winter”). In 1954, he earned a tech-
nical degree in civil engineering. Before leav-
ing the Netherlands, he worked briefly as a
bridge construction engineer and married
the love of his life, Terttu Soininen. In 1959,
an opportunity arose to move to Stockholm
University and work as a computer program-
mer, giving Crutzen a chance to realize his
long-held dream of an academic life. It did
not take long for his talents to shine through,
and he transitioned to the Department of
Meteorology, where he earned his M.Sc.
(filosofie kandidat degree) in 1963, his Ph.D.
(filosofie licentiat degree) in meteorology in
1968, and his D.Sc. (filosofie doctor degree) in
1973, after completing a thesis on aircraft pol-
lution in the stratosphere and troposphere.

With his background in meteorology,
Crutzen adroitly spanned atmospheric
chemistry and dynamics. His Ph.D. work at
Stockholm University laid the basis for his
blockbuster 1970 paper showing that cata-
lytic chemistry involving nitric oxide (NO)
is the dominant control on the distribution
of stratospheric ozone. He and atmospheric
chemist Harold Johnston independently
pointed out that NO in the exhaust of super-
sonic aircraft flying at stratospheric altitudes
might therefore threaten the ozone layer.
Crutzen also drew attention to the potential
role of NO from nitrous oxide generated by
fertilizers as a mechanism for controlling
stratospheric ozone. In the 1970s, he led the
field in numerical modeling of processes in-
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fluencing stratospheric ozone. His pioneer-
ing contributions to stratospheric chemistry
ultimately resulted in his sharing the 1995
Nobel Prize in Chemistry with F. Sherwood
Rowland and Mario Molina.

In the mid-1970s, Crutzen and his fam-
ily moved to Boulder, Colorado, where
he worked at the National Oceanic and
Atmospheric Administration and, before
long, became the director of the Atmospheric
Chemistry Division at the National Center
for Atmospheric Research. Crutzen’s research
extended from the stratosphere down into
tropospheric ozone and pollution. He first
identified the impact of biomass burning
on pollutants, including carbon monoxide.

His interests also extended up into the me-
sosphere and lower thermosphere and into
the world of climate. He is credited with
suggesting that carbonyl sulfide makes ma-
jor contributions to the amount of sulfuric
acid aerosols in the stratosphere, which is
important not only for stratospheric chemis-
try but also for climate. He showed that most
tropospheric ozone is made in the lower at-
mosphere, not transported from the strato-
sphere. He also conducted leading work on
the sources of methane, the second most im-
portant anthropogenic greenhouse gas.

I met Crutzen in 1977, when he took me un-
der his wing as a graduate student to study
the impact of solar proton events on atmo-
spheric chemistry. His knowledge of every
aspect of the chemistry that controls atmo-
spheric ozone was breathtaking. He spent
innumerable hours patiently teaching me
how to analyze models and identify which
chemical reaction produced which observ-
able change in atmospheric gases. He was a
skillful, supportive, and kind lifelong mentor

to me and dozens of others. When one col-
league was having trouble getting his (later
very influential) paper on the lifetime of at-
mospheric methane through review, Crutzen
swooped in to convince the editor to publish
it by agreeing to write a commentary himself.
Another colleague was named to lead a chap-
ter in an international scientific assessment
for the Montreal Protocol and needlessly
worried that Nobel laureate Crutzen—one
of the chapter’s authors—might have a hard
time working as a team member rather than
the leader. He quickly learned that Crutzen
was always a constructive and thoughtful
team player in any group effort.

A remarkable linguist, Crutzen could con-
verse easily in multiple languages, includ-
ing German, Swedish, and English. In 1980,
Crutzen took a position in Mainz, Germany,
as a director at the Max Planck Society. There,
he and his colleague John Birks identified the
problem of nuclear winter, a topic pioneered
at about the same time by others, including
Carl Sagan. Having lived through the devas-
tation of World War II, Crutzen felt a deep
connection to that work. He believed in the
importance of scientific research to identify
the risks of human conflict in the nuclear age.

A few years later, when the ozone hole was
discovered, Crutzen showed that nitric acid
clouds were vital to its chemistry (a discovery
simultaneously and independently made by
atmospheric scientist Brian Toon). Crutzen’s
incessant curiosity led him to contribute, to-
gether with climate physicist Veerabhadran
Ramanathan and others, to our understand-
ing of the role of black carbon as an impor-
tant driver of climate change. That work also
helped illuminate the health risks of black
carbon, especially in the developing world.

Crutzen continuously churned out new
and influential ideas. At a conference in 2000,
he became annoyed by talk of the Holocene
era as the current geological epoch, and he
rose on the spot to declare that humanity
had already had such a vast impact on the
planet that we ought to be talking about the
“Anthropocene” instead. He spent the last 20
years of his life expanding on and deepening
the Anthropocene concept, which he entered
into the common lexicon.

Crutzen was scientifically prolific, creative,
and profoundly influential in the fields of
atmospheric chemistry and climate science.
He was also a person of great warmth, car-
ing, deep humility, and genuine concern for
his fellow humans as well as the future of the
planet we all share. As we address the urgent
challenges of pollution, climate change, and
sustainability, the foundation he helped to
build will support the many scientists and
students who follow in his footsteps.

10.1126/science.abh0217
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Was “science” on the hallot?

Labeling dissent as “anti-science” is bad

social science and bad politics

By Stephen Hilgartner?, J. Benjamin Hurlbut?,
Sheila Jasanoff?

n 7 November 2020, moments before
Kamala Harris and Joe Biden began
their victory speeches, giant screens
flanking the stage proclaimed, “The
people have chosen science” Yet,
nearly 74 million Americans, almost
half the voters, had cast their ballots for
Donald Trump, thereby presumably not
choosing science. Prominent scientists as-
serted that “science was on the ballot”
and lamented that “a significant portion
of America doesn’t want science” (7). But
before despairing at the loss of trust in sci-
ence, we should be sure we are worrying
about the right problem. Was “science” re-
ally on the ballot? Is it useful to imagine
U.S. citizens as divided into pro-science and
anti-science camps? Does the label anti-
science serve the purposes of deliberative
democracy? The answer to these questions
is plainly no. A correct diagnosis is essential
to repairing the sorry state of science-soci-
ety relations in the United States.
Campaign slogans notwithstanding, sci-
ence was not on the ballot. If the election
contested any aspect of science, it was not
the worth of scientific knowledge but the
authority of experts to decide how people
should live their lives. What looks like an
attack on science may simply be the pur-
suit of politics by other means. Americans
are indeed divided, but the division is not
between those who march for science and
those who march against science. It is be-
tween competing understandings of how
to balance collective responsibility and in-
dividual liberty. That division runs so deep
that, for some, it even justifies violence and
insurrection. Insisting on facts is not by it-
self an adequate response. Indeed, it funda-
mentally misconceives the role and power
of science in modern democracies.

A PROXY WAR

The pandemic has seen much hand-wring-
ing about Americans’ unwillingness to
“accept science” and follow public health di-
rectives: wear a mask, obey lockdowns, ac-
cept job loss, homeschool children, let loved
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ones die alone. Dissent from such mandates
should not come as a surprise. Acceptance
of intrusive public health policies, no mat-
ter how essential, depends on trust, not
merely in “the facts” but also in the insti-
tutions that produce and evaluate evidence
and weigh trade-offs. Epidemiological mea-
sures of deaths averted don’t capture other
essential dimensions of life—economic, so-
cial, political, and even spiritual. Policies
aimed primarily at reducing health risks
are suspect to those who see other critical
needs as being unjustifiably neglected.

In America, factual controversies in policy
contexts are often less about the credibility
of science than they are proxies for disagree-
ments about competing ways of life. Policy
stalemates about climate change, gun con-
trol, or mask wearing were not caused by cit-
izens’ refusal to accept expert-certified facts.
These disputes signal dissatisfaction with
trade-offs that some citizens see as elevating
expert values above their own.

It is tempting to treat matters of health,
safety, and environmental policy as if they are
primarily about facts, because this transforms
intractable social disputes into seemingly an-
swerable technical questions. But such moves
are inimical to democracy. When the key is-
sue is who decides, acting as if disagreements
are mainly about evidence is bad politics and
bad social science. It turns expertise into an
object of distrust and exacerbates American
culture’s tendency to alienate people from the
perceived elitism of science (2). This creates
fertile ground for alternative facts and con-
spiracy theories that reframe problems and
relocate the focus of blame.

Science advice thus occupies a precarious
position on the boundary between asserting
facts and making policy. It faces the struc-
tural problem of being authoritative without
becoming authoritarian. It divides power
between scientists, who are mainly account-
able to their peers, and authorized political
representatives, who are accountable to the
citizens they serve. This allocation of author-
ity is fundamentally political, even constitu-
tional. We should not be surprised if expert
advisers find their claims being questioned,
given their consequential role in contempo-
rary governance.

PUBLIC HEALTH SOVEREIGNTY

For more than a century, Americans have
agreed that safeguarding public health jus-
tifies granting health officials extraordinary
powers to restrict liberty. This “public health
sovereignty” (3) rests on a view of citizens
as biological entities who must be protected
or controlled to contain infection. But that
reading sidelines the reality that citizens are
also political subjects with individual rights.
It downplays impacts on liberty, privacy, and
solidarity unless institutional means are pro-
vided to let these considerations in.

The history of public health policy is
full of controversies in which communities
sought to rebalance their rights and inter-
ests against public safety. During the HIV-
AIDS epidemic, for example, states debated
whether to criminalize sexual behavior that
spread the virus. It took a large, well-orga-
nized gay community to advocate for per-
sonal privacy, promote the value of open sex-
ual expression, and challenge discrimination
under the guise of public health protection.
Where such communities existed, restraints
tended to be weak. Elsewhere, public health
sovereignty prevailed (4).

Restricting liberty in the name of public
health becomes especially fraught when
scientific knowledge is unsettled but policy
responses are urgently needed. It is tempt-
ing to move fast, invoking expert authority
to short-circuit deliberation. The challenge
in such circumstances is not simply to per-
suade citizens to accept prepackaged expert
judgments as fact; it is also to ensure that
responsible institutions explicitly and vis-
ibly consider competing priorities when
determining how to gather, interpret, and
apply evidence. Labeling resistance as “anti-
science” does little to further this goal. It
separates experts from publics instead of
building common ground.

AN ANTI-SCIENCE PUBLIC?
What stands in the way of improving sci-
ence-society relationships during a public
health emergency? The answer is certainly
not that a substantial portion of America
simply “doesn’t want science.” That diagno-
sis dangerously misses the mark. When deci-
sion-makers try to ground policy in scientific
facts rather than in the trustworthiness of
the essential (but fallible) institutions that
produce them, any technical missteps make
the policies more vulnerable. And missteps
are inevitable when science is moving fast.
The “anti-science” label conflates norma-
tive dissent about which values matter with
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epistemic dissent on matters of fact. It cor-
rodes democracy and risks producing dis-
sidents with contempt for experts. Instead
of admonishing people to buy the science,
we need a more robust politics of persua-
sion that requires experts to publicly ad-
dress the competing values and interests at
stake in setting policy agendas. When should
protecting public health override individual
freedom? Does the health risk of opening
schools outweigh children’s social needs?
How should the power to decide be distrib-
uted among legislatures, courts, the execu-
tive, and scientific experts?

In our study of 16 countries’ responses to
COVID-19 (5), we found widely vary-
ing approaches based on the same
evidence. In Sweden, Netherlands, and
South Korea, citizens’ priorities con-
cerning what is essential for a good
society substantially influenced the
stringency of measures such as mask-
ing, lockdowns, and school closures.
In Germany and Australia, oppos-
ing political parties came together to
agree on policies serving a perceived
national interest. In India, Japan, and
the United Kingdom, dissent focused
on the wisdom, efficacy, and motiva-
tions of government actions but not
the seriousness of the disease or the
need for decisive action. Only in the
United States was policy disagreement
consistently recast as being “for” or
“against” science, as if all politics could
be reduced to that simple litmus test.

Our study shows that policy preferences
cannot be segregated into two distinct silos:
informed versus ignorant, rational versus ir-
rational, scientific versus anti-scientific. Yet,
American public health discourse too often
labels policies as either “evidence-based” or
baseless. Decision-makers may find it expe-
dient to shield themselves behind such char-
acterizations, but hiding the value choices
only inspires resistance and denialism (6).

REBUILDING THE POLITICS OF SCIENCE
How then can we build a more progressive
politics of science? We must first recog-
nize that trust cannot be produced on de-
mand. It grows slowly out of strong social
relationships. History shows that science
fares best when it is responsive to skep-
ticism, not insulated from it. Building a
less paternalistic, more inclusive dialogue
between science and citizens is crucial for
informed, democratic governance. Three
moves are essential: make science more
attentive to citizens’ real concerns, make
citizens smarter about how science works
in governance, and make spaces for delib-
erating different interpretations of science
without polarizing conflicts.

894 26 FEBRUARY 2021 « VOL 371 ISSUE 6532

President Biden has already taken praise-
worthy steps toward the first goal. By nomi-
nating Eric Lander and Alondra Nelson,
two prominent spokespersons for science in
society, he laid the groundwork for a more
intellectually diverse and socially inclusive
channel of science advice at the highest
levels of government. His nominees should
now build a President’s Council of Advisors
on Science and Technology in Society, com-
prising not only scientists and engineers
but also a more expansive range of experi-
ence to set the agenda for policy-relevant
science. Expertise in advisory bodies should
include, besides science, perspectives that

illuminate the social, historical, ethical, and
political dimensions of technical decisions.

A second step is to bring society back
into the curriculum of science education.
Science and democracy harmonize best
when both scientists and nonscientists
learn how to participate in debates with
technical components. Educational insti-
tutions must train all students—scientists
included—to develop a wider imagination
of the constitutional power of science to de-
fine the very terms in which we frame and
debate social problems (7).

Expert elites who view the public as will-
fully ignorant and irredeemably irrational
need richer resources for understanding
those who feel marginalized. Otherwise, like
a self-fulfilling prophecy, policy institutions
will tend to call forth the kinds of resistant
citizens that they imagine they are address-
ing. When scientists or policy-makers insist
that a policy is right because it is evidence-
based, they should expect citizens to ques-
tion: Who made that claim? On what au-
thority? With what evidence? And subject to
what oversight or opportunity for criticism?
These are legitimate questions that enhance
democracy, and our educational institutions

should teach scientists to respect them. Here,
again, the president’s advisers can help by
placing science and society education high
on the agenda.

Lastly, better dialogue between science
and society requires forums where technical
analysis and democratic deliberation can
proceed in harmony. A wholesale appraisal
of the role of such bodies in the U.S. govern-
ment is long overdue, but one should note
that before the present era of deregulation,
government agencies consulted widely with
civil society and tended to enjoy greater
trust (8). Advisory bodies in both Europe
and the United States have proved effec-
tive when they include a broad cross-
section of the perspectives and priori-
ties of citizens. Reviewing experience
at home and abroad, the president’s
advisers should rebuild interactive
fora where publics can freely question
science, and science must give persua-
sive answers.

These three steps offer promise of
creating common ground and achiev-
ing the legitimacy needed to guard
against groundless and capricious dis-
sent. To shore up the norms that sup-
port an enlightened society, we need to
build better foundations for delibera-
tion on the reliability and relevance of
science for governance (9). In this time
of national emergency, we must move
beyond the distortions of the pro-sci-
ence-anti-science frame and transi-
tion to more conversational relations
between science and society. It is a time for
respectful partnership, not ill-informed divi-
sion, between science and its publics.
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Evolution on
other worlds

Bound by finite natural
laws, alien life may be more
familiar than we imagine

By Adrian Woolfson

he late Harvard biologist Stephen

Jay Gould speculated that the his-

tory of life on Earth was deeply in-

fluenced by chance events (I). In a

classic thought experiment, he imag-

ined rewinding the “tape of life”
back to its inception and allowing life’s
history to play out again. The reemergence
of humans, for example, was, in his view, a
near impossibility.

Others have argued that life is more pre-
dictable and constrained. Evolution con-
verges on the same solutions repeatedly,
and its outcomes may have a certain inevita-
bility (2). The eye, for example, has evolved
multiple times in unrelated lineages.

Biologist Richard Lenski has turned
Gould’s conceit into an experimental re-
search paradigm. His artificial evolution
“replay” experiments, in which identi-
cal populations of microbes are allowed
to evolve in parallel for tens of thousands
of generations, suggest that the truth lies
somewhere in between (3).

In his entertaining and thought provok-
ing The Zoologist’s Guide to the Galaxy, the
Cambridge University zoologist and math-
ematical biologist Arik Kershenbaum—
known principally for his studies of animal
vocalizations—turns to astrobiology, a field
concerned with the origins and persistence
of life in the Universe, and provides read-
ers with a tentative sketch of the nature of
possible alien life on other potentially hab-
itable planets. Kershenbaum assumes that
evolution on other planets would likely play
out in a manner recognizable to us earth-
lings because of the universality of the laws
of physics, chemistry, and even biology and
because there are a restricted number of be-
havioral imperatives to which all organisms
are beholden. By focusing on behavior and
prioritizing function over form, a generic
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set of “biological rules” can be inferred. He
argues that these can be universally applied
to potential alien beings, because the laws
should be relatively insensitive to biochemi-
cal and morphological specifics.

Like a modern-day Dr. Doolittle, Ker-
shenbaum searches for clues about what
aliens might look like and how they might
communicate, by interrogat-
ing the shared strategies of the
species surrounding us. While
beetles, bats, and birds have
different evolutionary origins
and body plans, all have con-
verged on flight as a common
approach to locomotion. And
while wolves and dolphins in-

Exotic earthbound creatures such as the short-beaked
echidna offer hints about potential alien life.

species were alive today, would we afford
them human rights? If yes, Kershenbaum
argues, then we implicitly accept that “hu-
mans are a collection of different species.”

Defining a putative set of essential hu-
man features is, however, non-
trivial. In situations where
convergent evolution is mar-
ginalized by the imprint of
historical contingency, alien
morphology may deviate sub-
stantially from canonical human
anatomy. Despite sharing many
essential features with humans,

habit different ecological niches, The Zoologist’s Guide such morphologically distinct
both species rely on continuously to the Galaxy aliens may not easily be recog-
varying vocalizations to avoid ArF/)k Kers_hTDnbaum nizable as belonging to the ex-
signal distortion when commu- 2%?19968%? tended human family.

nicating across large distances.

Kershenbaum cautions against excessive
anthropomorphism when attempting to
evaluate potential alien communications.
Human languages are impressively expres-
sive, he concedes, but we should not assume
that the electrical discharges of the South
American knifefish or the disconsolate foot
drumming of the kangaroo rat are not capa-
ble of encoding complex information.

Like their earthly counterparts, alien
life-forms will face idiosyncratic evolution-
ary pressures that nevertheless channel
their communication strategies in pre-
dictable directions. “On a dark, subterra-
nean world, perhaps like the underground
oceans of Enceladus, vision may be totally
absent, and eyeless creatures could evolve
a perfectly competent and rich commu-
nication using sound alone,” writes Ker-
shenbaum. “Conversely,” he notes, “in the
tenuous Martian atmosphere, acoustic
communication just isn’t a good option.”

The fossilized bones and genome se-
quences of our relatives and ancient ances-
tors teach us that there are many different
ways of being human. But if these extinct

The book’s key thesis rests on
the notion that all complex life, regardless
of its site of origin, is rooted in the immu-
table logic of evolution by natural selec-
tion. However, it does not account for the
fact that there may be species that have
learned to rewrite their own genomes.
These species may, as such, be discon-
nected from their evolutionary history and
less sensitive to the mandates of natural
laws. In the presence of such ingenious
beings, Kershenbaum’s guide might leave
us lost in translation. But barring such a
scenario, the author’s assertion that the
unshakable prerogatives of physics, chem-
istry, and evolutionary biology, coupled
with the omnipresent agency of conver-
gent phenomena, offer a reasonable pros-
pect of inferring the nature of distant alien
species is compelling.
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The soul and its shell

A neurosurgeon’s audacious experiments raised ire from
animal rights activists and interest from the Vatican

By Susan E. Lederer

istorian Brandy Schillace’s new book,

Mr. Humble and Dr. Butcher—so

titled to evoke Robert Louis Steven-

son’s Jekyll and Hyde—offers a prob-

ing and provocative portrait of the

American neurosurgeon and neuro-
physiologist Robert J. White (1926-2010),
whose life’s ambition was to establish that
the brain—the seat of consciousness, per-
sonhood, or, as a pious Catholic like White
conceived of it, the human soul—could be
separated from its bodily shell and even
transferred to another body.
Schillace, editor of BMJ’s
journal Medical Humanities,
articulates the origins and
outcome of White’s obsession,
his complex relationship with
the media, and his service to
several popes.

Between 1961 and his re-
tirement from Case Western
Reserve University in 1998,
White oversaw the Brain Re-
search Laboratory, where he
and his colleagues pioneered
techniques for isolating and
maintaining the primate brain,
cooling the brain for surgery,
and surgically transplanting
the head of the macaque mon-
key onto the body of another
monkey. His publications in
leading journals, including in Science in
1963 (I), earned him an international repu-
tation and prompted fascinating collabora-
tions and relationships.

White received visits and invitations to
collaborate from Soviet researchers, in-
cluding Vladimir Demikhov, whose recent
work had included the surgical creation of
two-headed dogs. Despite Cold War politi-
cal tensions, White maintained close ties
with Russian neurosurgeons and consid-
ered it a great honor to have been allowed
to view Lenin’s brain, preserved at the
Moscow Brain Research Institute.

White liked to describe himself as a
humble man. But “Humble Bob” was no
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shrinking violet. In 1964, he gave his first
interview to the New York Times, and
throughout his career, he used the press
to advance his ideas. In 1967, he agreed to
be interviewed by Italian journalist Ori-
ana Fallaci about his latest project, the
“hot” isolation of the brain of a rhesus
monkey—so called because it skipped the
cooling step once considered essential to
the procedure.

“The Dead Body and the Living Brain,”
which appeared in Look magazine on 28
November 1967, centered on the harrow-
ing experience of one of White’s subjects,

White’s experiments took place during a shift in attitudes toward animal research.

a monkey that Fallaci named Libby, and
cast White as a Frankenstein figure. White
was not prepared for the firestorm that
Fallaci’s interview created, nor for the new
nickname it would earn him—Dr. Butcher.

Schillace does a masterful job in chart-
ing the massive shift in attitudes toward
animal experimentation and the emer-
gence of animal rights in the 1960s and
1970s. But she reminds readers that White
considered his experiments on monkeys to
be mere rehearsals for his ultimate goal, to
perform the surgery on a human being and
thereby reduce human suffering.

White embraced comparisons with
Mary Shelley’s ambitious physician Victor
Frankenstein, carrying a black doctor’s bag
emblazoned with the words “Dr. Franken-
stein.” He regarded the novel not as a cau-
tionary tale but as a story of possibility and

Mr. Humble and Dr. Butcher:
A Monkey’s Head, the Pope’s
Neuroscientist, and the
Quest to Transplant the Soul
Brandy Schillace

Simon and Schuster, 2021.
320 pp.

promise in which life might be preserved
in gravely injured and catastrophically dis-
eased human beings.

A lifelong Catholic who accepted the
Church’s teachings that limited ensoulment
to human beings, White’s professional in-
terests intersected with the emerging de-
bate over brain death in the late 1960s. He
reasoned that the soul, being situated in
the brain, was liberated in cases of brain
death and thus that brain-dead individu-
als should be considered dead. In 1970, he
was invited to Rome to advise the Pontifi-
cal Academy of Sciences and to a private
audience with Pope Paul VI. He established
the Vatican’s biomedical ethics
commission in 1981, and the
Church’s stance on brain death
soon shifted to be more in
keeping with White’s beliefs.

As White readied for re-
tirement in the mid-1990s, he
feared that he would miss his
chance to complete the opera-
tion he had spent his entire
career preparing for. Although
he had long fantasized about
performing a body transplant
on Stephen Hawking, White
found his “perfect patient”
in Craig Vetovitz, a Cleveland
man wheelchair-bound fol-
lowing an accident in 1971.
The surgeon and his patient
gave many interviews, but by
this time, White no longer had
hospital privileges, nor did he have access
to the funding and institutional support
necessary for the extraordinary surgery or
Vetovitz’s rehabilitation. The much-hyped
procedure would never become a reality.

White, who died in 2010 at the age of 84,
did not live long enough to see the resur-
gence in interest in head transplantation
that emerged in the past decade in the
form of Italian surgeon Sergio Canavero,
who promised to perform a human head
transplant by 2020. As of this writing, he
has not succeeded, but it may yet come
true. For now, “The quest to transplant the
soul continues on,” writes Schillace.
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Holistic environmental
risk assessment for bees

In January, the European Food Safety
Authority (EFSA) proposed a honey bee
(Apis mellifera) pesticide risk assess-
ment that uses a systems approach (7).
The strategy accounts for multiple stress-
ors and sub-lethal effects, unlike current
assessments. We support this long-awaited
paradigm shift for environmental risk
assessment. However, the initial focus on
honey bees alone is not enough to protect
the majority of pollinators, nor will it help
substantively address the plight of biodiver-
sity. Therefore, EFSA should augment the
approach to include more relevant species.
Although there are many socio-political,
historical, and practical advantages for
honey bees as a model, this bee species is
an exceptional case in the bee world. Honey
bee colonies are superorganisms whose
social organization provides a highly resil-
ient buffer against environmental stressors
that solitary and less social bees lack. They
are nurtured by beekeepers, who provide
shelter, supplementary food, and disease

SCIENCE sciencemag.org

The honey bee is not
representative of less
social bee species.

control. Honey bees are a good place to
start, given how much we know about them
and their place in the public eye, but they
are simply not representative of most wild
bee species that provide the bulk of pollina-
tion services. The overall bee-environment
interaction would be better represented

by extending the EFSA approach to more
representative bee species.

Establishing which species are good
analogs for modeling other, more vulner-
able bee species should be prioritized.
Knowledge should then be gathered for
such species to allow modeling of other
bee species, and ideally other non-target
organisms. The environmental and toxico-
logical context should also be modeled and
monitored accurately to provide high-
quality inputs to the species models. These
steps would support a much more rigorous
environmental risk assessment and would
enhance this already long-awaited and
necessary paradigm shift (2).

Christopher John Topping*, Mark Brown?, Jordan
Chetcuti®, Joachim R. de Miranda*, Francesco
Nazzis, Peter Neumann®, Robert J. Paxton’?, Maj

Rundl6f°, Jane C. Stout®

Department of Bioscience, Kalg, Aarhus University,
Denmark. ?Department of Biological Sciences,
School of Life Sciences and the Environment,

Royal Holloway, University of London, London,

UK. 3Department of Botany, School of Natural
Sciences, Trinity College Dublin, Dublin, Ireland.
“Ekologicentrum, Swedish University of Agricultural
Sciences, Uppsala, Sweden. *Dipartimento di
Scienze Agroalimentari, Ambientali e Animali,
Universita degli Studi di Udine, Udine, Italy.
SInstitute of Bee Health, Vetsuisse Faculty,
University of Bern, Bern, Switzerland. 7Institute
for Biology, Martin-Luther-Universitat Halle-
Wittenberg, Halle (Saale), Germany. 8German
Centre for Integrative Biodiversity Research (iDiv),
Leipzig, Germany. °Department of Biology, Lund
University, Lund, Sweden.

*Corresponding author. Email: cjt@bios.au.dk

REFERENCES AND NOTES
1. EFSA, “Public consultation onthe draft EFSA Scientific
Committee Opinion on a systems-based approach
to the environmental risk assessment of multiple
stressorsin honey bees” (2021); www.efsa.europa.eu/
en/consultations/call/public-consultation-draft-efsa-
scientific-committee-opinion-1.
2. C.J.Topping,A.Aldrich, P.Berny, Science 367,360 (2020).
COMPETING INTERESTS

C.JT.isvice chair of the EFSA Panel on Plant Protection
Products and their Residues, which is a scientific support
to EFSAfor regulatory issues for pesticides. Allauthors are
affiliated with PoshBee (https://poshbee.eu/).

10.1126/science.abg9622

U.S. immigration reform
for STEM doctorates

In their Policy Forum “Rethinking immi-
gration policies for STEM doctorates” (22
January, p. 350), M. Roach and J. Skrentny
suggest that U.S. immigration reform
should provide an easier path to permanent
residency for those who work in science,
technology, engineering, and mathematics
(STEM) fields and have Ph.D.s from U.S. uni-
versities. Before implementing the strategies
they suggest, policy-makers should address
such a program’s unintended consequences.

Granting permanent residency to STEM
doctorates upon graduation may stimu-
late educational institutions to seek STEM
designations for their traditional non-STEM
programs, such as business, management,
and social sciences, to attract more foreign
applicants. To counteract declining inter-
national applications (), some business
schools have already been working with
the U.S. Department of Homeland Security
to classify their MBA programs as STEM
programs. This designation would make
international students with F-1 visas eligible
for an extended Optional Practical Training
period (2), currently an extra benefit granted
to STEM students only (3).

Indiscriminately expanding the scale of
STEM designations could conversely result
in chaotic consequences in the immigration
system. Each year, there are approximately
140,000 employment-based immigrant
visas made available to qualified appli-
cants around the world (4). Granting green
cards to all STEM doctorates, including
those graduating from the nontraditional
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STEM-designated programs such as busi-
ness, management, and social science,
could crowd out applicants who majored
in science and engineering, potentially
leading to unpredictable and long delays
for all types of immigration applications.
As a result, the U.S. Citizenship and
Immigration Services may have to imple-
ment new rules to score and prioritize the
extremely high volume of applications.

Permanent residency for STEM doctor-
ates may also spur some universities to
adopt new strategies. Of the 4034 U.S.
postsecondary institutions in 2019, 736
were private for-profit institutions (5).
These institutions may consider launching
“accelerated” doctorate programs as a new
revenue stream and lower the admission
bar for students applying for these pro-
grams for the purposes of immigration.
Proper oversight by accreditation agencies
could ensure the continued integrity and
rigor of the acceptance, supervision, and
graduation of STEM doctoral students to
prevent abuse of the system.

Scientific, technological, and engineer-
ing advancement is a critical foundation
of U.S. competitiveness, and the talented,
qualified STEM doctorates studying
and working in this country are key to
maintaining an edge in these fields. Thus,
the proposed policy should be designed to
primarily benefit those who are contribut-
ing to the traditional STEM disciplines
after completing rigorous training.
Jianyang Geng
Bank of America Corporation, Jersey City, NJ
07311, USA and Whiting School of Engineering,

Johns Hopkins University, Baltimore, MD 21218,
USA. Email: derekgeng7@gmail.com

REFERENCES AND NOTES

1. C. Cutter, “Elite M.B.A. programs report steep drop in
applications,” Wall Street Journal (2019).

2. U.S.Department of Homeland Security, STEM OPT
Extension Overview (2016); https://studyinthestates.
dhs.gov/stem-opt-hub/stem-opt-extension-overview.

3. M.Cheng, “Why MBA programs want to be classified as
STEM studies,” QUART at WORK (2020).

4. U.S.Citizenship and Immigration Services,

Permanent Workers (2020); www.uscis.gov/
working-in-the-united-states/permanent-workers.

5. National Center for Education Statistics, “Number of
degree-granting postsecondary institutions and enroll-
mentinthese institutions, by enrollment size, control,
and classification of institution: Fall 2018" (2018);
https://nces.ed.gov/programs/digest/d19/tables/
dt19_31740.asp.

10.1126/science.abg8906

Brazil’s political upset
threatens Amazonia

On 1 February, the Centrao coalition of
political parties in Brazil, supported by
President Jair Bolsonaro, gained control of
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both houses of Brazil’s National Congress
(I). Bolsonaro has a record of destructive
environmental policies (2), but some of
the pending bills that he supports were
blocked by the former president of the
Chamber of Deputies, Rodrigo Maia (3).
Arthur Lira has now taken his position,
and the legislature will now likely move
to approve the bills that Maia had been
blocking. This shift in power has ominous
implications for Brazil’s environment and
Indigenous peoples.

Shortly after the new presidents of
the two houses of Congress took office,
Bolsonaro sent them a list of 35 bills
that he wants passed but that Maia had
indicated he would block (4). Many of
these bills threaten the environment.
Among them is a notorious bill that would
allow mining in Indigenous lands and
in protected areas for biodiversity (PL
191/2020). Also included were bills to
reduce environmental-licensing require-
ments (PL 3729/2004), offer public forest
concessions to private initiatives (PL
5518/2020), reward land grabbers by
promoting the legalization of illegal land
claims (PL 2633/2020), and modify shar-
ing arrangements to promote oil and gas
extraction (PL 3178/2019).

Other bills on this list are likely to
exacerbate Amazonian land conflicts
and attacks on Indigenous and other
traditional peoples. For example, PLC
119/2015 would alter the implementa-
tion of Indigenous people’s constitutional
rights. PL 6438/2019 and PL 3723/2019
would further weaken gun-control laws.
PL 6125/2019 would effectively give law-
enforcement agents a “license to Kill” by
barring charges for excessive use of force.

These bills are expected to come up
for a vote this year (5), at which point
they are likely to pass. If they become
law, they will exacerbate the effects of
wood, mineral, meat, soy, natural gas,
oil, and biofuel exports on deforestation
in the Amazon and its associated loss of
biodiversity and violation of Indigenous
rights. Major importers of products
from the Brazilian Amazon, such as the
United States and China (6), cannot turn
a blind eye to the impact of their trade
with Brazil. President Bolsonaro and his
supporters in the National Congress do
not give much weight to the concerns of
scientists and environmentalists, but they
are very sensitive to international deci-
sions that affect Brazil’s exports. Global
partners should consider their trade poli-
cies accordingly.
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Comment on “Resolving spatial and energetic
distributions of trap states in metal halide perovskite
solar cells”

Sandheep Ravishankar, Thomas Unold,

Thomas Kirchartz

Ni et al. (Research Articles, 20 March 2020,
p. 1352) report bulk trap densities of 10
cm~3and an increase in interfacial trap den-
sities by one to four orders of magnitude
from drive-level capacitance profiling of
lead halide perovskites. From electrostatic
arguments, we show that the results are
not trap densities but are a consequence
of the geometrical capacitance and charge
injection into the perovskite layer.

Full text: dx.doi.org/10.1126/science.abd8014

Response to Comment on “Resolving
spatial and energetic distributions of trap
states in metal halide perovskite solar cells”

Zhenyi Ni, Shuang Xu, Jinsong Huang
Ravishankar et al. claimed that drive-level
capacitance profiling (DLCP) cannot resolve
trap density in perovskites of given thick-
ness. We point out that the trap densities
derived by DLCP are from the differential
capacitance at different frequencies; thus,
the background charges caused by diffu-
sion and geometry capacitance have been
subtracted. Even for the nondifferential
doping analysis, the contribution from diffu-
sion capacitance is negligible and that from
geometry capacitance is excluded.

Full text: dx.doi.org/10.1126/science.abd8598
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Shirley Malcom leads a sea change for STEM equity

AAAS initiative draws upon a wealth of experience in improving diversity in science

By Andrea Korte

As a growing chorus of voices calls for systemic change to address
the systemic problems of sexism and racism in science, technology,
engineering, mathematics, and medicine (STEMM), the SEA Change
initiative at the American Association for the Advancement of Sci-
ence aims to support educational institutions as they transform into
diverse, equitable, and inclusive spaces.

SEA (STEMM Equity Achievement) Change was formally launched
by AAAS in 2017 but is the culmination of a career’s work in the mak-
ing: that of the initiative’s director, Shirley Malcom.

The initiative has its history in the Athena SWAN charter, estab-
lished in the United Kingdom in 2005 to boost the ranks of women in
science, but it also draws upon long-standing collaborations to diver-
sify the scientific enterprise. When Paula Rayman was investigating a
home in the United States for an adapta-
tion of Athena SWAN, she knew that Shirley
Malcom, with whom she had collaborated
on diversity efforts since the 1980s, was
the right person to oversee the effort.

“When Shirley decides to do something,
it happens,” said Rayman, who served as
chair of the inaugural SEA Change Advi-
sory Council.

Through a rigorous self-assessment
process and an individualized action plan
to break down barriers for marginalized
people in STEMM, SEA Change “helps
institutions begin to look at themselves
honestly in ways that will allow them to
reimagine what they are going to have to be
in the 21st century in order to support all
people who come to them,” Malcom said.

Malcom noted that none of the institu-
tions of higher education from which she earned degrees—University
of Washington; University of California, Los Angeles; and Pennsylvania
State University—set out to serve Black women. “How do you begin to
identify and support people like me?” Malcom asked.

By providing a roadmap and a community, SEA Change helps institu-
tions transform themselves to recruit, retain, and advance the full
diversity of people who are captivated by science.

For Malcom, the Sputnik launch inspired her imagination as a girl
growing up in Birmingham, Alabama. She was interested in science and
excelled at it, but attending segregated, underresourced schools in the
Jim Crow South left her underprepared for college courses at the Uni-
versity of Washington. She sought help from a teaching assistant—the
only Black graduate student in the chemistry department—which led
to improved exam scores. “I now knew that talent is developed,” Mal-
com said in a 2020 conversation with the AAAS Member Community.

That understanding guides her work leading SEA Change today. “I'm
trying to help make a way for others, not by saying there’s anything
wrong with them but by addressing the issues that we know to be
problematic within the system itself,” Malcom said.

She joined AAAS in 1975 as a research assistant inventorying
programs around the country that were working to bring minori-
ties into science. In cataloging those programs, she thought she
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Shirley Malcom speaks at the 2020 Emerging Researchers
National Conference in Science, Technology, Engineering,
and Mathematics in Washington, D.C.

might find where all of the other Black women in science were, but
instead she found a host of programs helping small numbers of in-
dividuals and “never rising to a level that would make a difference.”
Those intervention-based programs were not a long-term strategy,
Malcom said, since they only focused on helping underrepresented
individuals understand the system they were entering—a system
that went unquestioned.

“That's one of the reasons that, now, this is so compelling to me at
this stage in my career,” she said. “After spending decades learning
about these interventions and yearning for a systemic approach, finally
there’s the opportunity to help put one in place. And so that's what we
have with SEA Change: something actually challenging the structure of
the system itself.”

Malcom went on to coauthor the first report related to women
of color in STEM, published in 1976: “The Double Bind: The Price
of Being a Minority Woman in Science.”
The long-standing commitment at AAAS
to the advancement of minority women
in STEM, Malcom noted, is one reason
why SEA Change broadened the Athena
SWAN focus on gender to include race
and intersectionality. Malcom headed the
AAAS Office of Opportunities in Science
between 1979 and 1989 and served as
head of the AAAS Education and Human
Resources directorate for nearly 30 years
before becoming a AAAS adviser and di-
rector of SEA Change in 2018—a role that
draws upon everything she has learned
throughout her career and allows her to
do what she has always wanted to do: sup-
port systemic change.

The work of changing systems is a long
road, but there is much worth celebrat-
ing so far, Malcom said. The community of SEA Change member
institutions continues to grow. More and more resources are being
made available, including the forthcoming launch of the Port of Call
online hub for members. Three institutions earned SEA Change
Bronze Awards in 2019 for the work they have already done to work
toward sustainable, systemic change, and two more Institutional
Bronze awardees were formally announced this month.

In a 2020 reflection on leading AAAS through social unrest in
response to the continued impacts of racism and inequality, AAAS
CEO Sudip Parikh called Malcom “a world-renowned leader in the
conversation that we've been having for quite some time—but to
which too few have paid sufficient attention.”

Others are joining that conversation. Malcom sees greater visibil-
ity and awareness of the issue of sexism and racism in STEM and a
steadily growing interest among decision-makers at colleges and
universities in SEA Change as an avenue to effect systemic change
in campus climate and culture.

She ultimately hopes to see hundreds of institutions involved, to
see Bronze Award winners earn Silver and Gold Awards for higher
levels of excellence, and for students and faculty to say that their
institutions are truly supporting them.

“That's my dream,” Malcom said.

sciencemag.org SCIENCE
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Ciliary motors locked closed by Shulin

otile cilia and flagella are vital cellular organelles with functions that include setting
up the left-right body axis, clearing airways of mucus, and driving single-cell move-
ments. Cilia beating is powered by arrays of dynein motors, the key force generators
being the outer dynein arm (ODA) complexes. Using the protozoan Tetrahymena, Mali
et al. identified a factor, which they name Shulin, that binds newly synthesized ODAs.
Cryo—electron microscopy revealed how Shulin locks the dynein motors together by shutting
off motor activity and facilitating delivery of ODAs from the cytoplasm to their final position
in the cilia. —SMH Science, this issue p. 910

Scanning electron microscopy image of a freshwater ciliate, Tetrahymena thermophila, covered in motile cilia,
which are beating cellular projections powered by the molecular motor dynein

CORONAVIRUS

Vaccine prioritization
There is likely to be high demand
for the limited supplies of vaccine
against severe acute respiratory
syndrome coronavirus 2 (SARS-
CoV-2), so how should vaccine
distribution be prioritized? Bubar
et al. modeled across countries

SCIENCE sciencemag.org

how uncertainty about a vac-
cine's characteristics affects
prioritization strategies for reduc-
ing deaths and transmission (see
the Perspective by Fitzpatrick
and Galvani). In the model,
vaccine efficacy and its ability

to reduce disease and/or block
transmission was accounted

for in relation to age-related

variations in susceptibility, fatality
rates, and immune decline. In
almost all circumstances, reduc-
ing fatalities required distributing
the vaccine to those who are
most at risk of death, usually
persons over 60 years of age and
those with comorbidities. If a vac-
cine is leaky or poorly efficacious
in older adults, then priority could

26 FEBRUARY 2021 « VOL 371 ISSUE 6532

be given to younger age groups.
To increase the available doses,
further priority should be given to
seronegative individuals. —CA
Science, thisissue p. 916;
seealsop.890

ATMOSPHERIC CHEMISTRY

On the surface
The uptake and hydrolysis of
N,O, from the atmosphere by
aqueous aerosols was long
thought to occur by solvation
and subsequent hydrolysis in
the bulk of the aerosol. However,
this mechanistic hypothesis was
unverifiable because of the fast
reaction kinetics. Galib et al. used
molecular simulations to show
instead that the mechanism is
the inverse: Interfacial hydrolysis
is followed by solvation into the
interior. Their reactive uptake
model is consistent with some
existing experimental observa-
tions. —HJS

Science, thisissue p.921

PALEONTOLOGY
Not enough room

Modern carnivore communi-
ties include species that span a
range of body sizes. For example,
on the African savannah, there
are small species (mongooses),
medium species (wild dogs),
and large species (lions). This
variation reflects available prey
sources that best suit each
group. Carnivorous dinosaur
communities, however, were
missing species that fall into the
middle, or mesocarnivore, group
as adults. Schroeder et al. looked
across communities, space, and
time and found that this absence
appears to have been driven by
the distinctive biology of dino-
saurs, in which giant adults start
out as tiny hatchlings. Growing
juvenile dinosaurs thus filled the
other niches and limited trophic
species diversity. —SNV

Science, thisissue p.941

GEOPHYSICS
Waiting for
earthquakes to call

Instrumenting the vast ocean
floor is difficult and expensive
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but important for monitoring
earthquakes and tsunamis.
Zhan et al. used the polarization
of regular telecommunication
traffic to detect earthquakes and
water swells in a 10,000-kilome-
ter-long fiber-optic submarine
cable (see the Perspective by
Wilcock). The deep-water Curie
cable is not as noisy as terres-
trial counterparts, allowing the
authors to detect strain from the
cable. Results from the 9-month
observation period showed how
current submarine fiber-optic
cables can also be used as a
geophysical tool. —BG

Science, thisissue p.931;

seealsop.882

TRANSPLANTATION
Aratio to
predict rejection

Current strategies to iden-

tify rejection of transplanted
kidneys rely on invasive surveil-
lance biopsies or have limited
predictive value. Therefore, an
early and noninvasive biomarker
to predict rejection is needed.
Cherukuri et al. character-

ized the ratio of interleukin-10
to tumor necrosis factor-a
expressed by transitional B
cells as a biomarker of early T
cell-mediated allograft rejec-
tion. The authors found that
this ratio predicted rejection at
3 months after transplantation
in three patient cohorts, and it
may be an effective biomarker
that can be used clinically to
tailor therapy based on risk of
rejection. —CSM

Sci. Transl. Med. 13, eabe4929 (2021).

NANO-OPTICAL WRITING
Toward next-generation
optical disks

Subdiffraction information

bits can be written using
superresolution methods to
achieve extremely high-density
information storage. Using
lanthanide-doped upconversion
nanoparticles to locally reduce
graphene oxide flakes through
upconversion resonance energy
transfer upon engineered illumi-
nation, Lamon et al. achieved an

902

estimated storage capacity of
700 terabytes on a 12-centimeter
optical disk by nanoscale optical
writing, comparable to a storage
capacity of 28,000 single-layer
Blu-ray disks. This technology
offers an inexpensive solution
for the next generation of high-
capacity optical data storage
and enables energy-efficient
nanofabrication of flexible, gra-
phene-based electronics. —LNL
Sci. Adv. 10.1126/sciadv.abe2209
(2021).

CHEMICAL DYNAMICS
Intriguing dynamics
patterninF + HD

Despite decades of studies,
the role of relativistic spin-orbit
interactions in the dynamics of
chemical reactions remains an
intriguing topic. Using a high-
resolution velocity map imaging
crossed beams technique, Chen
et al. observed an interesting
pattern in the differential cross
sections inthe F + HD>HF + D
reaction near the partial wave
resonances (see the Perspective
by Rakitzis). Further theoretical
analysis showed that this pat-
tern originates from quantum
interference between spin-orbit
split partial wave resonances
with different total parities. The
effect of the fine structure of the
partial waves observed for this
long known yet not completely
explored three-atom system
represents one more remarkable
demonstration of the truly quan-
tum nature of chemical reaction
dynamics. —YS

Science, thisissue p.936;

seealso p. 886

The scattering pattern for the F + HD
reaction reveals the fine structure of
partial waves.
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POPULATION GENETICS
Linking phenotype
with genotype

In humans, it is difficult to
work out how natural selection
affects phenotypic variation.
With the accumulation of

huge repositories of human
genetic data and new compu-
tational methods, the impact
of medical conditions and their
evolutionary importance can
be estimated. One challenge is
that many complex diseases
are linked to phenotypes with
common and widely occur-
ring genetic variants. Vy et al.
predicted the overall number of
deleterious genetic variants in
coding proteins (known as the
deleterious load) within indi-
viduals from the UK Biobank.
Although overall deleterious
load is not linked with any spe-
cific disease states, the authors
found statistically significant
associations between 27 traits
and phenotypes associated
with disease, including body
mass, metabolic rate, and adi-
posity. Thus, the accumulative

effect of deleterious load might
be a useful indicator for general
health. —LMZ

PLoS Genet. 17,e1009337 (2021).

EPIGENETICS

Inheriting female
infertility

Polycystic ovary syndrome
(PCOS) is a major cause of
female infertility. It is character-
ized by hormonal and often
metabolic dysfunction but little
is understood about its etiology.
For women with PCOS who do
become pregnant, there is a high
probability that their daughters
will develop PCOS. This heritabil-
ity has been proposed to arise,
at least partially, if the embryos
are exposed to abnormal levels
of hormones. Mimouni et al.
studied a mouse model of PCOS
and found several differentially
methylated genes in the ovaries of
third-generation mice, indicating
epigenetic-mediated heritabil-
ity. Several of these genes were
also differentially methylated in
blood samples from mothers and

CREDITS (FROM LEFT): CHEN ET AL.; JEFF ROTMAN/ALAMY STOCK PHOTO
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daughters with PCOS, indicating
the potential for methylation as a
diagnostic biomarker. —GKA

Cell Metab.
10.1016/j.cmet.2021.01.004 (2021).

THIN FILMS
lonic liquids assist
in vacuum

Molecular layer deposition, an

analog of atomic layer deposition,

alternates self-limiting reac-
tions to grow materials such as
polymers. However, the vacuum
conditions in practice generally
limit the choices to polymers in
which the barrier to reaction is
low without solvent assistance,
such as those with thionyl or
acyl backbones. Shiand Bent
show that an ionic liquid, 1-ethyl-
3-methylimidazolium, can create
a solvation environment for

the Friedel-Crafts reaction in
vacuum. This ionic liquid did not
evaporate at reaction tempera-
tures, wetted a silicon substrate,
and formed a eutectic with the
AICI, catalyst. The authors alter-
nated deposition of isophthaloy!

PERCEPTION

Feel the light

ctopuses have remarkable bodies that

they stretch and reshape in response

to the environment and to the animal’s

needs. How control over such flexibility

is managed is an ongoing question.
Work in this area has shown that octopus
arms exert a degree of individual control.
Katz et al. found that octopus arms display a
phototactic response to light, automatically
withdrawing when the arm (especially the tip)
is illuminated. Unlike previously described
photoresponsive cells in the skin of the arms,
this response appears to be both autonomic
and channeled through the central nervous
system. Perhaps, the authors suggest, this
allows the arms to be protected from forag-
ing predators during the day, but gives the
octopus an override option during their own
foraging bouts. —SNV

J. Exp. Biol. 10.1242/jeb.237529 (2021).

Each arm of an octopus is capable of an
autonomous response to light to ensure that it
remains hidden when predators are active.

dichloride and diphenyl ether

along with the catalyst to grow

polyetherketoneketone thin films

at arate of about 5.5 angstroms

per reaction cycle. —PDS

ACS Nano10.1021/acsnano.0c09329
(2021).

MATERIALS SCIENCE
Robust water-repellant
fabrics

Materials that aggressively
repel water are useful for
protective fabrics and self-
cleaning surfaces. However,

it can be challenging to make
coatings on woven fabrics that
can resist rubbing and frequent
washing cycles without using
fluorinated molecules. Drawing
inspiration from earthworms,
which have wrinkled skins, Xu
et al. created a similar sur-
face texture on poly(ethylene
terephthalate) fabric coating
with poly(dimethylsiloxane)
(PDMS). The PDMS is treated
with an argon plasma, lead-
ing to the formation of cross
links that have a graduated

depth concentration profile.
This causes the PDMS surface
to wrinkle, which leads to water
repellence. The fabrics could
survive hundreds of washing
or rubbing cycles, and damage
to the PDMS could be repaired
using heat or further argon
plasma treatment. —MSL

ACS Appl. Mat. Interfaces

13,6758 (2021).

/

Wrinkled poly(ethylene terephthalate)-
coated fibers can make durable,
water-repellent fabrics.
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WORKFORCE
The chemistry of
inequality
More and more data on the
issues surrounding diversity and
inclusion in STEM are surfac-
ing. Stockard et al. contribute to
these data by providing evidence
of inequities in experiences
and career plans of doctoral
students in chemistry. Using
mixed-model regression analy-
ses, they show that graduate
students identifying as part of a
traditionally underrepresented
group were less likely to report
supportive relationships with
peers and postdocs. Women
were less likely to (i) report
supportive relationships with
advisers, (i) commit to remain-
ing in chemistry, and (iii) aspire
to academic research careers.
Overall, the results suggest that
the reality for traditionally under-
represented graduate students
remains full of subtle obstacles,
which are likely not specific to
the chemistry field, that con-
tinue to impede efforts toward
a diverse and inclusive scientific
workforce. —MMc

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

2020508118 (2021).

SIGNAL TRANSDUCTION
Signaling for stress

Guanosine triphosphatase—acti-
vating protein-binding proteins
called G3BP1 and G3BP2 func-
tion as a core component of
stress granules. Stress granules
are dynamic assemblages of
ribonucleoproteins that form
in distressed cells found in
tumors or neurodegenerative
disease states. G3BP1 also has
an unexpected role in tethering
the tuberous sclerosis complex
(TSC) of proteins to lysosomes.
At the lysosome, the TSC regu-
lates a key metabolic regulator
called mTORCL. Prentzell et
al. detected G3BP1in a screen
for proteins that interact with
mTORCI. If G3BP1 levels are
low, then mTORC1 becomes
hyperactive, stimulating cell
motility in tumors or neuronal
hyperactivity, which could be
bad news for patients. —LBR
Cell184,P655 (2021).
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NEURODEGENERATION

Tau: Enabler of diverse brain disorders and target
of rapidly evolving therapeutic strategies

Che-Wei Chang, Eric Shao, Lennart Mucke*

BACKGROUND: The microtubule-associated pro-
tein tau has been implicated in the pathogenesis
of Alzheimer’s disease and a range of other
neurodegenerative disorders (called “tauopa-
thies”). As the number of people with tauopa-
thies is rising in aging populations across the
world, interest in the fundamental biology of
this protein and in the development of tau-
targeting treatments has been expanding rap-
idly. Recent insights into the complexity of this
intrinsically disordered protein sug-
gest that tau is a worthy but chal-
lenging target whose multifaceted
nature will likely require a multi-
pronged therapeutic approach. De-
rived from a single gene by alternative
splicing, six major isoforms of tau
have been identified in the human

apeutic impact, unless the relative pathogenic
importance of the specific mechanism has
been well established in experimental models
that allow for conclusive validation of cause-
and-effect relationships. Although much atten-
tion has focused on the abnormal aggregation
of tau in tauopathies and on the ability of tau
“seeds” to spread from neuron to neuron, in-
ternalization of propagating tau does not
appear to impair neuronal survival or brain

Pathogenic triggers

mechanisms are most detrimental in any giv-
en condition.

OUTLOOK: Many efforts to develop better treat-
ments for neurodegenerative diseases have
failed, in large part because of an inadequate
understanding of disease mechanisms and,
perhaps, because too many fundamental
knowledge gaps, alternative interpretations
of data, and methodological complexities did
not receive the attention they deserved. This
Review highlights important gaps in the un-
derstanding of tau and the methodological
advances needed to fill them. It also pinpoints
obstacles that could complicate the translation
of tau-related scientific discoveries into better
therapeutics and offers pragmatic strategies to
overcome these challenges. Despite the extra-
ordinary progress that has been made to date,
the main physiological functions that tau
fulfills in the adult and aging brain remain to
be defined. Another critical objective is to de-
velop better experimental models and
technologies to rigorously compare
different tau species and pathomech-
anisms, particularly their relative
impacts on neuronal functions and
survival in vivo. For the development
of truly informative biomarkers and
effective therapeutics, it will be criti-

brain. In addition, tau is subject Normal Tau Abnormal Tau Enabling Tau |  cal to rigorously differentiate between

to many different posttranslational functions gain-of-function activity associations and cause-and-effect re-

modifications, further indicating Microtubules, Aggregation, Signaling, lationships. Until the main drivers
spread, etc. other?

that it may be regulated by multiple

processes and may participate in
diverse functions.

ADVANCES: Tau is widely presumed
to stabilize microtubules. However,
the experimental reduction or abla-
tion of tau in vivo does not alter
many neural properties and pro-
cesses that likely depend on micro-
tubules, including neuronal integrity,
axonal transport, synapse formation,
and complex brain functions. Although
tau reduction seems to have mini-
mal effects on otherwise unmanip-
ulated brains, it can prevent or
diminish aberrant cell signaling,
neural network dysfunctions (e.g.,
epileptic activity), and behavioral
alterations caused by diverse disease processes,
which suggests that tau activities are needed
for other pathogenic triggers to cause these
derangements. In addition to this “enabling
bystander” role, tau’s interactions with a large
number of other proteins can cause adverse
gains of function, which are associated with—
and possibly caused by—the formation of ab-
normal tau structures and assemblies. Because
abnormal forms of tau trigger a plethora of
pathomechanisms, targeting individual down-
stream mechanisms may have limited ther-
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“a| Neuronal dysfunction,
degeneration

Potential tau pathomechanisms. Developing effective tau-targeting
therapeutics will require a better understanding of how exactly tau
contributes to Alzheimer's disease and other disorders of the central
nervous system. Potential mechanisms likely fall into the three broad
categories shown. However, the relative pathogenic impact and overall
importance of individual mechanisms have yet to be defined in truly
disease-relevant contexts and may differ among diseases and even
patients. The blue box on the right indicates tau activities that do not
directly mediate but indirectly promote or facilitate pathogenic processes.

functions. Moreover, tau reduction prevents
or diminishes neural network dysfunction
and behavioral abnormalities also in dis-
ease models that do not have abnormal tau
inclusions, which suggests that there is more
to tau than aggregation and propagation.
A promising diversification of tau-targeting
therapeutic strategies is beginning to ad-
dress this complexity. Lowering overall tau
levels may have the greatest potential, as this
strategy bypasses the unresolved questions
of which forms of tau and which downstream

of neuronal dysfunction and demise
have been identified for Alzheimer’s
disease and other conditions in which
tau has a causal or enabling role, it
seems prudent to focus on pragmatic
strategies, such as overall tau reduc-
tion, while also expanding efforts to
further validate the importance of
more-specific targets and approaches.
Investigational approaches to lower
overall tau levels include tau-targeting
antisense oligonucleotides, which have
advanced into a clinical trial for early
Alzheimer’s disease, and the develop-
ment of small-molecule drugs that can
modulate the production or degra-
dation of tau. The most desirable
tau-targeting therapeutics would be
efficacious across diverse tauopathies,
as well as affordable, easy to access, and well
tolerated when administered over long periods
of time to fragile groups of people who likely
take multiple other medications.

The list of author affiliations is available in the full article online.
*Corresponding author. Email: lennart.mucke@gladstone.ucsf.
edu

Cite this article as C.-W. Chang et al., Science 371, eabh8255
(2021). DOI: 10.1126/science.abb8255
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https://doi.org/10.1126/science.abb8255
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LINEAGE TRACING

Proliferation tracing reveals regional hepatocyte
generation in liver homeostasis and repair

Lingjuan He*, Wenjuan Pu®, Xiuxiu Liu*, Zhengian Zhang, Maoying Han, Yi Li, Xiuzhen Huang, Ximeng Han,
Yan Li, Kuo Liu, Mengyang Shi, Liang Lai, Ruilin Sun, Qing-Dong Wang, Yong Ji, Jan S. Tchorz, Bin Zhout

INTRODUCTION: Cell proliferation is a funda-
mental process in all multicellular organisms
that is required to enable development, tissue
homeostasis, tissue repair, and tissue regener-
ation. Disrupted proliferation is the path-
ogenic basis of many diseases. The ability to
monitor cell proliferation has been essential
for a myriad of studies in developmental biol-
ogy, oncology, immunology, neuroscience, and
regenerative medicine. The limitations of cur-
rent approaches for measuring cell proliferation
in vivo have left many fundamental questions
in numerous life science fields insufficiently
addressed. For example, decades of research
have resulted in a controversial debate around
zonal hepatocyte proliferation in liver homeo-
stasis, repair, and regeneration.

RATIONALE: To provide a high-spatiotemporal
resolution examination of in vivo cell prolifer-

ation, we take advantage of two orthogonal,
site-specific recombinases (Cre and Dre) to
develop a genetic proliferation lineage trac-
ing method—proliferation tracer (ProTracer).
ProTracer enables the temporally continuous
recording of cell proliferation events with
high spatial resolution in specific cell lineages.
Highlighting its capabilities, we provide in-
sights into the regional proliferation of adult
mouse hepatocytes, which are heterogeneous
in gene expression and function. Previous con-
flicting studies identifying hepatocytes with
superior proliferative capacity have mostly
relied on the lineage tracing of a subset of
cell populations, thereby introducing a poten-
tial selective bias. Whether a specific popula-
tion of hepatocytes with increased proliferative
capacity exists remains unclear. Rather than
tracing only a subset of the whole hepatocyte
population, an unbiased assessment of prolif-

Highly regional hepatocyte generation in adult liver during tissue homeostasis. Immunostaining for
E-cadherin (E-CAD) (green), glutamine synthetase (GS) (blue), and tdTomato (red; ProTracer signal) on liver
sections of hepatocyte-specific ProTracer mice. Hepatocyte proliferation events (tdTomato™) genetically
recorded by ProTracer are highly enriched in the E-CAD"GS™ midlobular zone during liver homeostasis.

SCIENCE sciencemag.org

erative events in the entire hepatocyte pool
over time is needed to address this funda-
mental question.

RESULTS: After an initial pulse treatment of
tamoxifen, ProTracer permits the temporally
continuous genetic recording of in vivo cell
proliferation in diverse cell lineages over
time in multiple organs and tissues. Using a
hepatocyte-specific promoter, ProTracer could
be primed to specifically record proliferation in
hepatocytes—and not any other cell lineages—
in the mouse liver. Furthermore, ProTracer
enables noninvasive, long-term monitoring
of hepatocyte proliferation over time in live
animals. Cell proliferation tracing revealed
that, at the whole hepatocyte-population level,
more proliferation was detected in a subset of
midzonal hepatocytes during liver homeosta-
sis, with less proliferation in periportal hepa-
tocytes and minimal proliferation in pericentral
hepatocytes. Clonal analysis showed that most
of the hepatocytes labeled by ProTracer have
undergone cell division. Additionally, a highly
regional and dynamic hepatocyte generation
pattern was observed during repair and regen-
eration in response to several liver injuries,
such as partial hepatectomy, bile duct liga-
tion, and carbon tetrachloride-induced liver
injury. Furthermore, genetic tracing of the pro-
liferation of other cell lineages by ProTracer
revealed distinct cell proliferation dynamics of
macrophages, biliary epithelial cells, endothe-
lial cells, and hepatic stellate cells after partial
hepatectomy.

CONCLUSION: Our work provides a genetic sys-
tem for the cumulative recording of cell type-
specific proliferation in vivo. By genetically
tracing the proliferation events of entire cell
populations, ProTracer enables the unbiased
detection of the specific cell population that
mainly accounts for tissue homeostasis, repair,
and regeneration. ProTracer reveals highly re-
gional proliferation in midzonal hepatocytes,
showing its greater contribution to maintaining
the hepatocyte pool during liver homeostasis.
Additionally, ProTracer revealed highly region-
al hepatocyte generation during liver repair
and regeneration after injuries. Future appli-
cations and further iterations of ProTracer
could substantially advance our understand-
ing of cell generation and their dynamics in
development, growth, regeneration, and dis-
eases in multiple organs.

The list of author affiliations is available in the full article online.
*These authors contributed equally to this work.
tCorresponding author. Email: zhoubin@sibs.ac.cn

Cite this article as L. He et al., Science 371, eabc4346
(2021). DOI: 10.1126/science.abc4346

S READ THE FULL ARTICLE AT
https://doi.org/10.1126/science.abc4346

26 FEBRUARY 2021 « VOL 371 ISSUE 6532 905



RESEARCH

RESEARCH ARTICLE SUMMARY

LINEAGE TRACING

Liver homeostasis is maintained by midlobular

zone 2 hepatocytes

Yonglong Wei, Yunguan G. Wang, Yuemeng Jia, Lin Li, Jung Yoon, Shuyuan Zhang, Zixi Wang,
Yu Zhang, Min Zhu, Tripti Sharma, Yu-Hsuan Lin, Meng-Hsiung Hsieh, Jeffrey H. Albrecht,

Phuong T. Le, Clifford J. Rosen, Tao Wang, Hao Zhu*

INTRODUCTION: The liver’s remarkable capac-
ity to maintain proper tissue mass after injury
has been known since ancient times. However,
there has been considerable debate about the
source of new liver cells that contribute to
tissue growth, maintenance, and regeneration.
Multiple studies have reported that disparate
cell populations in the liver serve as rare stem
cells, whereas others have proposed that most
hepatocytes are similar in their regenerative
activity regardless of position or function. Al-
though hepatocytes appear histologically homo-
geneous, the liver lobule is actually organized
into concentric zones, or rings, in which hepa-
tocytes express different metabolic enzymes
across the portal vein-to-central vein axis
through which blood flows. Recently, single-
cell profiling has enriched our understanding
of the extraordinary diversity of hepatocytes,
but this “zonal” heterogeneity has not been
functionally interrogated in the context of
tissue homeostasis, because the critical genetic
labeling tools have not been available.

RATIONALE: Previous efforts to identify the most-
regenerative hepatocytes have not definitively
resolved fundamental questions about whether

regenerative activity is spatially restricted with-
in particular zones or whether rare or common
subsets of hepatocytes are responsible. This
uncertainty was in part because fate mapping
had only been performed on a few hepatocyte
subsets and without side-by-side comparisons.
‘We sought to systematically address fundamen-
tal questions about the source of new liver cells
by generating a panel of 11 new CreER knock-in
mouse models that label zonal subpopulations
across the liver lobule. By using these tools in
tandem with three existing CreER lines, tissue
maintenance and regeneration as a function of
zonal position were assessed.

RESULTS: In contrast to the idea that all hepa-
tocytes across the lobule contribute equally to
regeneration, we identified major differences
between hepatocytes from different locations.
During steady-state homeostasis, zone 1 cells
near the portal vein decreased in number over
time, as did zone 3 cells near the central vein
on the opposite end of the lobule. However,
midlobular zone 2 hepatocytes marked by the
hepcidin antimicrobial peptide 2 (Hamp2) gene
were in large part responsible for homeostatic
repopulation. Zone 2 cells were also sheltered

from toxic injuries affecting either end of the
lobule and thus were well positioned to contrib-
ute to regeneration after these insults. To define
the mechanistic basis of these lineage-tracing
results, single-cell and bulk RNA sequencing
transcriptomics were used to define genes
that were specifically up- or down-regulated
in zone 2. We then used in vivo CRISPR knock-
out and activation screening to identify func-
tionally important pathways that regulate zone 2
proliferation. These methods revealed that
zone 2 repopulation is driven by the insulin-like
growth factor binding protein 2-mechanistic
target of rapamycin-cyclin D1 (IGFBP2-mTOR-
CCND1) axis.

CONCLUSION: Different regions of the liver
lobule exhibit differences in their contribu-
tions to hepatocyte turnover, and zone 2 is an
important source of new hepatocytes during
homeostasis and regeneration. These results
challenge the idea that stem cells near the
portal or central veins have the highest rates
of liver repopulation, but they also support
the principle that there are important zonal
differences in hepatocyte biology. This study
reconciles findings from multiple groups and
offers a more unified view of hepatocyte repopu-
lation. The identification of zone 2 hepatocytes
as a regenerative population has far-reaching
implications for the cellular basis of chronic
disease pathogenesis, cancer development, and
regenerative medicine strategies.

The list of author affiliations is available in the full article online.

*Corresponding author. Email: hao.zhu@utsouthwestern.edu
Cite this article as Y. Wei et al., Science 371, eabb1625
(2021). DOI: 10.1126/science.abb1625
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https://doi.org/10.1126/science.abb1625

Fate-mapping strains label different zones across the liver lobule. Cross-sectional images of a liver lobe from a glutaminase 2 (GIs2)-CreER reporter mouse in
which hepatocytes from different metabolic zones are labeled. Panels from left to right: (i) 4',6-diamidino-2-phenylindole (DAPI) staining (blue) of cell nuclei,

(ii) glutamine synthetase staining (green) of hepatocytes adjacent to central veins, (iii) Tomato fluorescence (red) that labels Gls2-expressing hepatocytes in zone 1,
and (iv) a merged composite image of all three channels. This reporter strain is one of 14 used to track metabolically heterogeneous hepatocytes in the liver.
Collectively, these strains were used to understand the regenerative capacity of different liver cell subtypes under homeostatic and injury conditions.
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CORONAVIRUS

Afucosylated IgG characterizes enveloped viral
responses and correlates with COVID-19 severity

Mads Delbo Larsen*, Erik L. de Graaf*, Myrthe E. Sonneveld*, H. Rosina Plomp, Jan Nouta,
Willianne Hoepel, Hung-Jen Chen, Federica Linty, Remco Visser, Maximilian Brinkhaus, Tonéi Sustié,
Steven W. de Taeye, Arthur E. H. Bentlage, Suvi Toivonen, Carolien A. M. Koeleman, Susanna Sainio,
Neeltje A. Kootstra, Philip J. M. Brouwer, Chiara Elisabeth Geyer, Ninotska . L. Derksen,

Gertjan Wolbink, Menno de Winther, Rogier W. Sanders, Marit J. van Gils, Sanne de Bruin,

Alexander P. J. Vlaar, Amsterdam UMC COVID-19 biobank study group, Theo Rispens,

Jeroen den Dunnen, Hans L. Zaaijer, Manfred Wuhrer, C. Ellen van der Schoot, Gestur Vidarssont

INTRODUCTION: Antibody function is often con-
sidered static and mostly determined by isotype
and subclass. The conserved N-linked glycan
at position 297 in the Fc domain of immuno-
globulin G (IgG) is essential for an antibody’s
effector functions. Moreover, this glycan is
highly variable and functionally relevant, es-
pecially for the core fucose moiety. IgG lacking
core fucosylation (afucosylated IgG) causes
increased antibody-dependent cellular cyto-
toxicity (ADCC) through highly increased IgG-
Fcreceptor I11a (FeyRIIIa) affinity. Despite
constant levels of total plasma IgG-Fc fucosy-
lation above 90%, specific IgG responses with

é
é

Soluble antigen e
+ Non-enveloped viruses
« Protein based vaccines

:

low core fucosylation have been sporadically
reported. These are directed against alloanti-
gens on blood cells and glycoproteins of HIV
and dengue virus. In this study, we inves-
tigated the induction of afucosylated IgG to
various antigens and delineated its dynamics
and proinflammatory potential in COVID-19.

RATIONALE: Afucosylated IgG responses have
only been found in various alloimmune re-
sponses against cellular blood groups and
two enveloped viruses. Therefore, we tested
the hypothesis that foreign surface-exposed,
membrane-embedded proteins induce a spe-

Enveloped viral infected cell

‘ e
5 "'l’.
Membrane bound foreign protein
« Alloantigen on blood cells

« Enveloped viral infected cells

Fucosylated IgG
FeyRINN
activation
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“’ Self
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@ Foreign antigen

FeyR-stimulus

@ ©|° Myeloid and NK cells
': (ADCC/Phagocytosis/IL-6 secretion)

Acute phase response/inflammation

Afucosylated IgG response requires membrane context and results in strong FcyRIll-mediated activity.

Only membrane association on host cells endows foreign antigens to trigger the B cell receptor in the context
of other self receptors, leading to an afucosylated IgG response. The elevated FcyRIIl binding and activity of

afucosylated IgG can in some cases be protective, but for SARS-CoV-2, this triggers excessive inflammation

during a natural infection.
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cific B cell response that results in afucosylated
IgG. We compared immune responses to nat-
ural infections by enveloped viruses and non-
enveloped viruses, protein subunit vaccination,
and live attenuated virus vaccinations. We also
assessed the relation to the clinical outcome of
such a response in COVID-19.

RESULTS: Analogous to blood cell alloantigens,
the response to all enveloped viruses showed
clear signatures of afucosylation of the antigen-
specific IgG. By contrast, IgG against the non-
enveloped virus, parvovirus B19, were highly
fucosylated. The extent of afucosylated IgG re-
sponses varied, both between individuals and
between antigens. The viral context was essen-
tial to induce afucosylated IgG because induc-
tion did not occur after subunit vaccination
against hepatitis B virus. However, afucosylated
1gG responses were found in response to atten-
uated viruses. Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2)-specific afucosylated
IgG were also found in critically ill COVID-19
patients but not in individuals with mild symp-
toms. Over the 2 weeks after seroconversion, the
amount of fucosylated anti-SARS-CoV-2 IgG
increased markedly, in most reaching relative
levels similar to those found in total IgG.
Afucosylated IgG promoted interleukin-6 (IL-6)
release in macrophages cultured in vitro, which
is in line with an observed association of SARS-
CoV-2-specific IgG afucosylation with IL-6 and
C-reactive protein (CRP) in these patients.

CONCLUSION: This work suggests that provid-
ing foreign B cell antigens in the context of host
cells may be required to trigger an afucosylated
IgG immune response. The strength of this re-
sponse is highly variable for different antigens
and between individuals. An afucosylated IgG
response is a potent immune response, honed
for the destruction of target cells by FcyRIII-
expressing natural killer (NK) and myeloid
cells. This may sometimes be desirable—for ex-
ample, against HIV—and can be achieved in
vaccines by providing the target as a surface
protein, as is the case with attenuated viral
vaccines or mRNA vaccines. However, for SARS-
CoV-2, this afucosylated IgG response may
promote the exacerbation of COVID-19 under
conditions with high viral loads at the time of
seroconversion.
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In situ genome sequencing resolves DNA sequence
and structure in intact biological samples

Andrew C. Payne*, Zachary D. Chiang*, Paul L. Reginato*, Sarah M. Mangiameli, Evan M. Murray,
Chun-Chen Yao, Styliani Markoulaki, Andrew S. Earl, Ajay S. Labade, Rudolf Jaenisch,
George M. Church, Edward S. Boydenti, Jason D. Buenrostroti, Fei Chentit

INTRODUCTION: Genomes are spatially organized
across length scales from single base pairs
to whole chromosomes. This organization
is thought to regulate gene expression and
control cellular function and varies across
cells within organisms. Current methods based
on DNA sequencing achieve genome-wide
coverage with base-pair resolution but lack
spatial context. Alternatively, current methods
based on imaging capture spatial context but
are targeted and lack base-pair resolution.
Thus, a method bridging sequencing and
imaging modalities for mapping genome
structure is lacking.

RATIONALE: Here, we describe in situ genome
sequencing (IGS), a method for simultaneously
sequencing and imaging genomes within intact
biological samples. Sequencing enables parental
alleles and repetitive elements to be distin-
guished and included in genomic analyses.

IGS unifies sequencing
and imaging of genomes.
In situ sequencing of
spatial barcodes within
intact samples is followed
by high-throughput
paired-end sequencing.
Data from the two
modalities are computa-
tionally integrated,

In situ sequencing of

spatial barcodes
12

Further, imaging enables genome-wide study
of spatial relationships within cells, such
as association of genomic loci with nuclear
structures, and between cells, such as struc-
tural similarities within cell lineages.

RESULTS: We applied IGS to cultured human
fibroblasts and intact early mouse embryos at
the pronuclear stage 4 zygote, late two-cell, and
early four-cell stages of development, spatially
localizing hundreds to thousands of DNA
sequences in individual cells. In embryos, we
integrated genotype information and immuno-
staining to identify and characterize parent-
specific changes in genome structure between
embryonic stages, including parental genome
mixing, chromosome polarization, and nuclear
lamina association. We further uncovered and
characterized single-cell domain structures with
lamina-distal boundaries and lamina-proximal
interiors in paternal zygotic pronuclei. Finally,

High-throughput sequencing
of paired-end reads

jauuey)

jouuey)

.
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Cycle

we demonstrated epigenetic memory of global
chromosome positioning within clonal cell lin-
eages of individual embryos.

CONCLUSION: IGS unifies sequencing and im-
aging of genomes, offering a method that con-
nects DNA sequences to their native spatial
context within and between the cells of intact
biological samples. The single-cell domain struc-
tures that we observed in zygotes open oppor-
tunities for further investigation, including
addressing questions about how nuclear struc-
tures such as the lamina may modulate the
epigenetic or intrinsic domain-forming behav-
iors of chromatin. Additionally, our observation
of epigenetic memory of chromosome position-
ing highlights how genome organization during
mitosis may influence genome structure at later
stages of development. We anticipate that fur-
ther development of IGS and integration with
existing in situ molecular profiling technologies
will provide increased resolution and enable
multiomic measurements, creating new oppor-
tunities to study the structure and function of
genomes across length scales and organisms.
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CANCER GENOMICS

Single-cell lineages reveal the rates, routes, and
drivers of metastasis in cancer xenografts

Jeffrey J. Quinn*, Matthew G. Jones*, Ross A. Okimoto, Shigeki Nanjo, Michelle M. Chan, Nir Yosef,

Trever G. Bivonat, Jonathan S. Weissman+t

INTRODUCTION: Cancer progression is funda-
mentally an evolutionary process, involving
multiple distinct steps from oncogenic trans-
formation to metastatic dissemination to de-
velopment of therapeutic resistance. Defining
the timing and molecular nature of each step
in this process is critical to understanding can-
cer biology and to devising effective therapeu-
tic strategies. Yet, it is challenging to directly
observe these events because they unfold sto-
chastically, in rare subpopulations of cells, and
over long time scales.

RATIONALE: By reconstructing the phylogenetic
relationships of tumor cells, it is possible to
infer important features of these abstruse, past
events, such as the timing or directionality of

Ql

Implant cancer cells
engineered with lineage trace
into mouse lung

metastatic dissemination. Advances in Cas9-
based molecular recording technologies have
now enabled the high-resolution mapping of
subclonal cellular lineages that, when paired
with single-cell RNA sequencing, can be used
to infer distant events in a cell’s past history
and connect them to its present state.

RESULTS: We refined and applied our Cas9-
based lineage recorder to study metastatic
dissemination in implanted tumor cells in a
mouse. These advances allowed us to resolve
deep and accurate single-cell lineages for tens of
thousands of metastatically disseminated can-
cer cells in a mouse over 2 months of growth.

‘We leveraged the reconstructed phylogenetic
trees to measure the frequency of metastatic
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Exploring metastatic biology by tracing the lineages of engineered cancer cells implanted into mouse
lungs. From cell ancestry information, we reconstructed high-resolution family trees of metastatically
disseminated tumor cells and found populations with diverse metastatic behaviors. Pairing cell-state
information with these lineages, we identified genes that drive metastatic capacity (1), observed
heterogeneous metastatic states (2), and followed the tissue routes of metastatic dissemination (3).
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dissemination at single-cell resolution. Un-
expectedly, we found that tumors arising from
individual implanted cancer cells showed dra-
matic differences in their capacity to spread to
distant tissues, ranging from completely non-
metastatic (i.e., never leaving the primary site)
to aggressively metastatic (i.e., frequently tran-
siting between tissues). We paired this high-
resolution lineage information with single-cell
RNA sequencing to reveal characteristic sets of
genes that underlie these divergent metastatic
phenotypes. This analysis identified some genes
that are known to modulate metastatic pheno-
type in lung cancers (such as ID3 and REG4)
and others that were unexpected (such as
KRT1I7). Using CRISPR-based perturbations
in two distinct lung cancer cell lines, we vali-
dated that over- or underexpression of genes
identified by this analysis was sufficient to
modulate cancer invasion phenotypes.

We then showed that the diversity of meta-
static phenotypes observed in vivo stemmed
from preexisting, heritable cellular states. Spe-
cifically, the heterogeneity in the expression of
metastasis-associated genes existed before im-
plantation into the mice, and cells with higher
metastatic transcriptional signatures preimplan-
tation went on to be more metastatic in vivo.
Moreover, when cells from the same clone were
implanted into different mice, they exhibited
nearly identical metastatic behavior.

Finally, we traced the complex and multi-
directional routes through which the metas-
tases disseminated from tissue to tissue and
identified the mediastinal lymphatic tissue
as a transit hub for metastasis. We also found
numerous examples of different seeding topol-
ogies, including reseeding (i.e., cancer cells
returning to the primary tumor site from a
metastasis) and seeding cascades (multistep
metastatic seeding).

CONCLUSION: High-resolution lineage record-
ing of tumor cells revealed a rich diversity
of metastatic phenotypes and behaviors that
would have otherwise been unobservable. This
illuminated aspects of cancer biology that are
essential to understanding disease progression,
such as the rates, tissue routes, and transcrip-
tional drivers of metastasis. We anticipate that
our approach will be broadly applicable to fu-
ture studies of other aspects of cancer biology,
such as the evolution of drug resistance, and,
more generally, of biological processes that
unfold over many cell generations.

The list of author affiliations is available in the full article online.
*These authors contributed equally to this work.
tCorresponding authors. Email: weissman@wi.mit.edu
(J.S.W.); trever.bivona@ucsf.edu (T.G.B.); niryosef@berkeley.
edu (N.Y.)

Cite this article as J. J. Quinn et al., Science 371, eabc1944
(2021). DOI: 10.1126/science.abc1944

S READ THE FULL ARTICLE AT
https://doi.org/10.1126/science.abc1944

26 FEBRUARY 2021 « VOL 371 ISSUE 6532 909



RESEARCH

RESEARCH ARTICLES

Shulin packages axonemal outer dynein arms
for ciliary targeting

Girish R. Mali'*, Ferdos Abid Ali'*, Clinton K. Lau, Farida Begum', Jérome Boulanger’,
Jonathan D. Howe', Zhuo A. Chen?, Juri Rappsilber®>, Mark Skehel’, Andrew P. Carter't

The main force generators in eukaryotic cilia and flagella are axonemal outer dynein arms (ODAs). During
ciliogenesis, these ~1.8-megadalton complexes are assembled in the cytoplasm and targeted to cilia
by an unknown mechanism. Here, we used the ciliate Tetrahymena to identify two factors (Q22YU3 and
Q22MS1) that bind ODAs in the cytoplasm and are required for ODA delivery to cilia. Q22YU3, which
we named Shulin, locked the ODA motor domains into a closed conformation and inhibited motor
activity. Cryo—electron microscopy revealed how Shulin stabilized this compact form of ODAs by binding
to the dynein tails. Our findings provide a molecular explanation for how newly assembled dyneins

are packaged for delivery to the cilia.

otile cilia play essential roles that range
from setting up the left-right body axis
to clearing mucus from the lungs (7).
These slender cellular projections con-
tain an axoneme built of microtubule
doublets. Ciliary beating is powered by arrays
of inner and outer dynein arm motors that

slide adjacent doublets past each other (2).
The outer dynein arms (ODASs) are the main
force generators in cilia and the most fre-
quently mutated components in human motile
ciliopathies (3). ODAs are multisubunit com-
plexes (4), which are preassembled in the
cytoplasm by a collection of nine dynein axo-

>

Fig. 1. Q22MS1 and Q22YU3
deliver ODAs from cytoplasm to
cilia. (A) Scheme used to identify
potential interactors of ODAs
assembled in the cell body.

(B) SDS-PAGE of ODA purified
from the cell body by IP-SEC
showing coelution with Q22MS1
and Q22YU3. HC, heavy chains;
IC, intermediate chains. (C) Cell
swimming velocity comparing
wild-type (WT n = 108) and
mutant strains (Q22YU3A n = 102
and Q22MSIA n = 110). (D) Ratio
of ODA/tubulin immuno-
fluorescence intensity along indi-
vidual cilia (WT n = 118, Q22YU3A
n =104, Q22MS1A n =129, 3 to 10
cilia from 14 to 17 cells per
genotype). (E) Representative
cells showing immunofluorescence
for ODA and tubulin [quantified

in (D)]. Insets highlight reduced
amount of ODA staining in mutant
cilia compared to wild-type cilia.
Scale bars, 10 um. Error bars
show standard deviation;

****p < 0.0001 (ANOVA with
Tukey's test for multiple
comparisons).
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nemal assembly factors and associated chape-
rones (4, 5). After assembly, ODAs are targeted
to cilia, where the intraflagellar transport (IFT)
machinery carries them to their docking sites
(6, 7). However, the mechanism of ODA delivery
to the cilia and whether any additional factors
are required for this process are both unclear.

ODAs assembled in the cell body are bound
by Q22YU3 and Q22MS1

To identify potential ciliary targeting factors,
we purified newly assembled ODAs from the
cytoplasm of the protozoan ciliate Tetrahymena
thermophila. We deciliated Tetrahymena to
remove preexisting axonemes and trigger new
ODA synthesis (8) (Fig. 1A). ODA complexes,
containing a FLAG-tagged copy of the inter-
mediate chain IC3 were extracted and sepa-
rated from other assembly intermediates by
size exclusion chromatography (SEC). Two fac-
tors coeluted with the new fully assembled
ODAs and were identified by mass spectrom-
etry (MS) as Q22MS1 and Q22YU3 (Fig. 1B and

IMRC Laboratory of Molecular Biology, Francis Crick Avenue,
Cambridge CB2 OQH, UK. “Bioanalytics, Institute of
Biotechnology, Technische Universitat Berlin, 13355 Berlin,
Germany. “Wellcome Centre for Cell Biology, University of
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fig. S1A). We also performed label-free quan-
titative MS on the immunoprecipitated IC3
subunit and detected an equivalent-fold enrich-
ment of both factors relative to other ODA
subunits (fig. S1B and table S1). Taken togeth-
er, these data suggest that Q22MS1 and Q22YU3
interact tightly with ODAs in the cell body.

Loss of Q22MS1 and Q22YU3 affects

cilia motility

These ODA-associated factors lack known func-
tions and have not previously been linked to
motile cilia. Q22YU3 shares 24% identity to
human C200RF194 (fig. S2), whereas Q22MS1
has a unique domain architecture and no
ortholog outside of Tetrahymena. To investigate
their roles, we generated Tetrahymena Kknock-
out strains for each factor (fig. S3A). Both strains
showed an approximately twofold decrease in
swimming speed compared to wild-type (WT)
(Q22YU3A, 10.6 + 12 um/s; Q22MSIA, 11.88 +
12.6 um/s; WT, 22.5 + 16.9 um/s; mean + SD),
suggesting defects in cilia movement (Fig.
1C). Mutants also had decreased accumula-
tion of food vacuoles and a higher frequency of
cytokinetic defects, which are hallmarks of de-
fective cilia motility in Tetrahymena (9, 10)

Fig. 2. Q22YU3 binding inhibits
ODAs by clustering motors. 35

>

(A) Microtubule gliding velocities. =
Individual gliding events from g 3.0
three technical replicates per =
sample are plotted (ODA n = 159, g 2°
ODA+YU3+MS1 n = 136, ODA+YU3 i 20
n = 146, ODA+MS1 n = 94, Dynl <
n =136, Dynl+YU3+MS1 n = 76). S 15
YU3, Q22YU3; MS1, Q22MST; 2
Dynl, human cytoplasmic dynein S 10
1. Error bars show standard 8
deviation; ns, not significantly dif- s 05
ferent; ****p < 0.0001 (ANOVA 0.0

with Tukey's test for multiple
comparisons). (B) Axonemal-

purified open ODA reconstituted

with recombinant Q22YU3 and c
Q22MS1. SDS-PAGE gel of SEC
peak fraction. (C) Representative
2D class averages showing the
distribution of open (purple) and
closed (green) ODA particles from
ODAs alone and reconstituted
with factors. Scale bar, 10 nm.
(D) Quantification of closed and
open particles from 18,000 par-
ticles per dataset (n = 3 technical
replicates) represented as a per-
centage. Error bars show standard
deviation. ns, not significantly dif-
ferent; *p < 0.01, ****p < 0.0001
(Kruskal Wallis test). Refer to

fig. S6 and table Sb.
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(fig. S3, B and C). We found that the lengths
and numbers of cilia in our knockouts were
similar to those in the wild-type, suggesting
that our observations were not attributable to
defects in ciliogenesis (fig. S3, D and E). How-
ever, high-speed imaging showed that cilia in
mutants beat slower than in wild-type cells
(Q22YUSA =7 + 11 Hz, Q22MSIA = 4 + 6 Hz,
WT = 20 + 12 Hz; mean + SD) but at frequen-
cies similar to those in an ODA temperature-
sensitive mutant (17) (OADICII = 8 + 11 Hz)
(fig. S4 and movie S1). We therefore used
immunofluorescence to test if loss of Q22YU3
and Q22MS1 affected ODA targeting to cilia.
Staining with an antibody against ODAs
showed marked reductions in their levels in
cilia of mutant strains compared to the wild-
type (Fig. 1, D and E, and fig. S3F). Thus, loss of
Q22YU3 or Q22MSI results in defective ciliary
movement owing to reduced delivery of ODAs
to the cilia.

Q22YU3 inhibits microtubule gliding by
closing the ODAs

It has been proposed that ODAs need to be
held in an inactive state during transport into
the axoneme (4). We therefore tested whether

50 A

ns

]

Absorbance A, (MAU)

Q22YU3 and Q22MS1 inhibited dynein motor
activity. We expressed both factors recombi-
nantly and assayed their effect on the micro-
tubule gliding activity of ODAs purified from
axonemes (12) (Fig. 2A). In contrast to the
cytoplasm-purified sample, these ODAs lacked
Q22YU3 or Q22MSI. The axoneme-purified ODAs
translocated microtubules at 1.39 + 0.60 um/s
(mean + SD). Gliding was severely compro-
mised by the addition of both factors together
(0.15 + 0.15 um/s) or with Q22YU3 alone (0.10 +
0.15 um/s). Q22MS1 reduced microtubule glid-
ing velocities to a lesser extent (0.56 + 0.76 umy/s).
By contrast, addition of both factors to cyto-
plasmic dynein-1 did not significantly alter its
microtubule gliding velocity (0.76 + 0.47 um/s
for dynein-1 alone versus 0.69 + 0.27 um/s
with both factors). Thus, Q22YU3 is sufficient
to specifically inhibit ODA activity.
Tetrahymena ODAs contain three dynein
heavy chains and, when purified from axo-
nemes, show an open bouquet conformation
with the heavy chain motor domains sepa-
rated (13). However, when we used negative-
stain electron microscopy (EM) to image ODAs
purified from the cytoplasm, we noticed that

~40% of intact particles displayed a “closed”
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Fig. 3. Cryo-EM reconstruction shows architecture of closed ODA. (A) Overview
of the closed ODA bound by Shulin with head (purple) and tail (blue) maps
docked in an overall map (gray). Maps obtained after masked refinements are shown
for the head region containing densities for Dyh3, 4, and 5 motor domains, and
the ordered tail map contains a docked Shulin-region map (green). Representa-
tive cryo-EM densities are shown. The following contour levels (o) are used:
(right) ODA full-length structure, 0.000607; tail, 0.0026; motors, 0.01; (middle)
ordered tail, 0.00448; Shulin region, 0.015; motors, Dyh3 0.01, Dyh4 0.015,

conformation where the motor domains were
clustered, and the tails were compacted (fig.
S5). This closed conformation resembles a form
previously observed only after cross-linking
(13). To identify the factor responsible, we
reconstituted axoneme-purified ODAs with re-
combinant Q22MS1 and Q22YU3. Both factors
formed stable complexes with ODAs either
together or individually (Fig. 2B, fig. S6, and
table S5). Whereas ODAs on their own were
mostly in the open conformation (Fig. 2, C
and D), in the presence of both factors, 36 +
7% (mean + SD) of particles were closed, sim-
ilar to the fraction observed for ODAs purified
from the cytoplasm. ODAs bound to Q22MS1
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the LC tower.

alone were closed only 11 = 8% of the time. By
contrast, in the presence of Q22YU3 alone,
61 + 6% of ODAs were closed (Fig. 2, Cand D;
fig. S6; and table S5). Thus, Q22YU3 inhibits
ODAs by holding the three heavy chains to-
gether in a closed conformation. We propose
to name this protein Shulin (Sanskrit: one that
holds the trident).

Cryo-EM structure shows molecular
mechanism of ODA closure by
Shulin (Q22YU3)

To elucidate how Shulin closes ODAs at a
molecular level, we determined the structure
of the reconstituted Tetrahymena ODA-Shulin

Lc3

Lc8f/8e .
' Lc8b*/10*

~55 nm

o

Dyh5 0.015. Zoom insets showing side-chain densities were at contour level
of 0.02. (B) Cartoon and filtered surface representation of all modeled
subunits. (C) Dyh5 binds Dyh4 via its N-terminal Kelch domain (inset). HB,
helical bundles; NDD, N-terminal dimerization domain. (D) DIC N-terminal
extensions bind dimers of LCs, forming a LC tower and followed by globular
WD40 domains that contact Dyh3 and Dyh4. Heterodimers of Lc7b/7 and
Lc8b/Lcl0 are tentatively assigned (*). Lc3 sits on Dyh4 and is not part of

complex by cryo-EM. The resolution of our
overall structure was limited to 8.8 A owing
to its flexibility (Fig. 3A and figs. S7 and S8).
However, focused classification and local re-
finement produced a series of subregion maps
ranging from 4.3 to 5.9 A in global resolution
(Fig. 3A and figs. S7 to S12). The central por-
tion of the Shulin region map has a local reso-
lution range of 3.5 to 4.2 A (fig. S9), enabling
de novo building of Shulin and its interactions
(Fig. 3A and fig. S11A). In combination with
MS to identify the ODA subunit composition
(fig. S13), our maps allowed us to assign the
positions of the three heavy chains (Dyh3,
Dyh4, Dyh5), two essential intermediate chains
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Shulin

Fig. 4. Characterization of Shulin structure and its mechanism of ODA
inhibition. (A) Domain architecture of Shulin. N-terminal (N1, N2) and middle
(M) domains share a similar fold with the FACT complex core subunit Spt16.
C-terminal (C1, C2) domains are similar to GTPase YjiA and are followed by

a C-terminal finger (C3). (B) Cartoon and filtered surface representation with

(ICs: Dic2, Dic3), and 11 light chains (LCs) (Fig.
3B and figs. S8 to S12). We list the names and
UniProt IDs of these subunits and provide
names for the corresponding orthologs in
Chlamydomonas and humans in table S2.
In our structure, the motor domains were
clustered in a closed conformation (Fig. 3B)
consistent with the negative-stain data. At the
core of the structure are the Dyh3 (o-HC) and
Dyh4 (B-HC) heavy chains, which are con-
served across all eukaryotes with motile axo-
nemes (I14). They form a heterodimer held
together by an N-terminal dimerization domain
in an arrangement that is similar to cytoplas-
mic dyneins (75, 16). The third heavy chain,
which is only found in ciliate and algal ODAs,
is Dyh5 in Tetrahymena (y-HC—equivalent to
the o-HC in the alga Chlamydomonas, table
S2). Our structure showed that Dyh5 is much
shorter than the other heavy chains and is
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anchored to Dyh4 halfway along its length.
The N terminus of Dyh5 contains a Kelch-type
B-propeller domain that sits on the helical
bundles of Dyh4 (Fig. 3C). The peripheral
attachment of this third heavy chain may ex-
plain why its loss in Chlamydomonas mini-
mally affects flagellar motility (17).

In their tail regions, Dyh3 and Dyh4 wrap
around the globular WD40 domains of the
intermediate chains, with Dyh4 also binding to
a small density consistent with the thioredoxin-
like Le3 light chain (Fig. 3D and fig. S14.A). The
intermediate chains have long N-terminal ex-
tensions, which are held together by a tower of
light chains consisting of a Lc7/Lc7b hetero-
dimer, three dimers of Lc8 orthologs and at
the end, bent over to one side, a Tctex-like het-
erodimer of Lc2a/Lc9 (Fig. 3D and fig. S14B).
On the basis of side-chain density, we assigned
the positions of Le8 and its orthologs: Lc8d,

main contacts between Shulin and ODA subunits highlighted in green spheres.
(C) Shulin's N1 domain contacts helical bundles proximal to the linker in Dyh3
tail. The C3 finger projects out to contact Dyh3 AAAL(S) (insets). (D) Shulin's N1
domain contacts Dyh5 helical bundles, and its N2 domain touches the Kelch
domain. Shulin contacts Dyh4 just below Dyh5 Kelch domain (insets).

Lc8e, and an unnamed Lc8-like protein (UniProt
ID: Q22R86), which we called Lc8f. Our MS
analysis on axoneme-purified ODAs showed
the additional presence of two more Lc8 ortho-
logs, Lcl0 and Lc8b, which we tentatively as-
signed to the remaining two positions (fig. S13).
The bent arrangement of the Lc2a/Lc9 hetero-
dimer is stabilized by the Dic2 N terminus,
which loops out from where it contacts Lc2a
and wedges between Lc8d and Lc8e (fig. S14B).

Dynein motors comprise a ring of six AAA+
domains (AAA1 to AAAG), a force-producing
linker, and a long coiled-coil stalk with the
microtubule binding domain at the tip. In our
structure, the motor regions of all three heavy
chains were locked in the prepower stroke
conformation of their catalytic cycle (18) with
their linker domains bent through 90° (fig. S15,
A and B). The density suggests that the stalks
of each motor domain are angled to interact
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Fig. 5. Shulin delivers ODAs to regenerating cilia. (A) Coimmunostaining of
ODAs (anti-FLAG) and Shulin in the IC3-FLAG strain. Representative cells
regenerating cilia 30 min after deciliation and with mature cilia are shown;
insets highlight differences in concentrations of Shulin and constant amounts
of ODA in cilia in both conditions. (B and C) Quantification of Shulin concentrations
in regenerating and mature cilia and ratios of per cilium fluorescence intensities
for Shulin/ODA (regenerating n = 160, mature n = 162, 9 to 10 cilia from 16 cells
per condition). (D and E) Immunostaining for Shulin and ODA (anti-ODA) in an

with each other close to their microtubule-
binding domains (Fig. 3, A and B, and fig.
S15B). Clustering of motor domains is further
stabilized by interactions between the Dyh3
and Dyh4 linkers, between the Dyh4 AAA4
and the elbow of the Dyh3 linker, and between
the Dyh5 AAA3 and Dyh3 AAA4 (fig. S15, C
and D). This clustered conformation is distinct
from the one ODAs adopt upon docking onto
ciliary doublets, where their motor domains
are stacked parallel to each other and free to
undergo their catalytic cycle (19, 20). Thus, the
closed conformation may represent an inac-
tive state of ODAs before their final incorpo-
ration into cilia.
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Our Shulin structure shows that it contains
N-terminal domains (N1, N2) that are related
to the aminopeptidase P domain of Spt16, a
core component of the histone chaperone FACT
(Fig. 4A). We built the middle (M) domain de
novo, revealing that it adopted a pleckstrin
homology (PH) fold akin to the Spt16 C termi-
nus. Thus, the whole N-terminal half of Shulin
bears high structural homology to Sptl6 (21).
Unexpectedly, Shulin’s C-terminal domains (C1
and C2) are structurally similar to the bacterial
guanosine triphosphatase (GTPase) YjiA (22).
C1 has a Ras-like fold, and C2 consists of a five-
stranded P sheet. There is a nucleotide between
Cl and C2, which plays a structural role holding

Regenerating Mature

Shulin

Regenerating Mature

A

— {lr-

Assembly Factors ODA

ODA temperature-sensitive mutant strain (OADICII) grown at permissive
(30°C) and restrictive (39°C) temperatures for 16 hours (Shulin: 30°C n = 78,
39°C n = 83; ODA: 30°C n = 87, 39°C n = 95 cilia from 10 cells per condition).
Scale bars, 10 um. Error bars show standard deviation, ****p < 0.0001
(ANOVA). (F) Model for Shulin’s role in delivering ODAs to cilia. Shulin locks
ODAs in their closed state during IFT (intraflagellar transport) in regenerating
cilia. Shulin is released after ODAs stably dock and leaves the ciliary
compartment (green arrow).

the two domains together (fig. S16A). Shulin
ends in a long C-terminal finger with a helix-
loop arrangement that projects away from the
core of the molecule (C3) (Fig. 4A). Overall, the
structure suggests that Shulin has evolved
from a fusion of an ancestral Sptl6 and a
nucleotide-binding protein.

Shulin stabilizes the closed conformation of
ODAs by binding all three heavy chains and
the LC tower (Fig. 4B). It makes its most ex-
tensive interactions with Dyh3 (3216 A2 surface
area). Shulin’s N1 domain contacts multiple
sites in the Dyh3 tail, and its C3 finger binds
the AAA1 small subdomain (AAAI1S) in the
Dyh3 motor domain (Fig. 4C). Residues at
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these two sites are conserved among homo-
logs of Dyh3 from multiple species (fig. S17,
A and B) but not among other dynein heavy
chains (fig. S17C). Our structure showed that
Shulin bridges the Dyh3 tail and motor, hold-
ing them in a rigid conformation (fig. S16). It
can only make these connections if the motor
is in its prepower stroke state, suggesting that
it directly locks Dyh3 into its closed confor-
mation (fig. S15B). Truncation of Shulin to re-
move the motor-binding C3 finger abolished
its ability to bind ODAs over gel filtration. Di-
rectly mixing the truncated Shulin with ODA
also failed to induce closure in a negative-stain
EM assay (fig. S18). Thus, bridging the Dyh3
tail and motor is key for stabilizing the closed
state of ODAs.

Shulin holds the other two motor domains
in their closed conformation indirectly by sta-
bilizing the contacts they make with Dyh3
and each other. Its N2 domain makes a small
connection (313 A%) to Dyh4 close to where the
Dyh5 Kelch domain is docked (Fig. 4D). This
interaction holds Dyh3 and Dyh4 together
and reinforces a contact between the helical
bundles in their tail regions (fig. S16C). This,
in turn, supports the connections, described
above, between their motor domains (fig. S15).
Shulin’s connection to Dyh5, via its N1 domain,
is also small (292 A%) but is sufficient to stabilize
the Dyh5 linker binding to the Dyh3 motor do-
main and motor-motor contacts between Dyh4
and Dyh5 (fig. SI15E). In the light-chain tower,
the M domain of Shulin contacts Lc8e and its C1
domain contacts Le8d and an o helix in the
Dic2 N terminus (fig. S16D). These contacts
stabilize packing of the LC tower against the
Dyha3 tail (fig. S16E). Thus, Shulin makes con-
tacts with multiple ODA subunits and stabi-
lizes the interactions between them that hold
the motors in a closed conformation.

Q22MS1 dampens ODA activity by
constraining the motors

Here, we identified two proteins, Q22MS1 and
Shulin, which copurify with ODAs in the cyto-
plasm and are required for their delivery to
cilia. Of these two proteins, the mechanism of
the Tetrahymena-specific Q22MSI is less clear.
Itis 222 kDa in size and contains a catalytically
inactive nucleoside diphosphate kinase (NDK)
domain. A homologous NDK domain is found in
the recently identified Xenopus protein DAAP1
(23). DAAP1 has also been implicated in ODA
delivery to cilia and localizes to membrane-
less organelles involved in dynein assembly.
However, there is no sequence similarity be-
tween Q22MS1 and DAAPI outside the NDK
domain, and the mammalian orthologs of
DAAP1 lack the NDK domain completely.
Q22MS1 mildly reduces ODA motor activity in
our microtubule gliding assays. To address how
this could occur, we subclassified the open par-
ticles of ODAs alone and bound to Q22MS1. In
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the presence of Q22MS]1, we observed a signif-
icant increase in the number of particles with
their motor domains constrained in a trian-
gular conformation (fig. S19A). Cross-linking
MS showed that Q22MS1 predominantly in-
teracts with the tails of Dyh3, Dyh4, and Dyh5
on the opposite side of the complex from the
Shulin-binding interface (fig. SI9B). We thus
propose that Q22MS1 binds the ODA tails
and corrals the heads into a clustered trian-
gular conformation, which causes a mild damp-
ening of motor activity.

Shulin keeps ODAs closed during delivery

to cilia

Shulin notably shuts down ODA motor activ-
ity, suggesting that it is the proposed inhibitor
(4) required during targeting of ODAs to the
cilia. Unlike the cytoplasmic dyneins, which are
auto-inhibited (75, 16), ODAs rely on Shulin to
enforce inhibition. Immunostaining revealed
that Shulin localized to regenerating cilia (Fig. 5,
A to C, and fig. S20). This is the stage of
ciliogenesis when ODAs are being actively im-
ported and incorporated (8). By contrast, in
mature cilia with stably incorporated dyneins,
the amounts of Shulin appeared reduced rela-
tive to ODAs (Fig. 5, A to C). To test if Shulin’s
entry into cilia was ODA dependent, we used
a temperature-sensitive mutant (OADICII) in
which ciliary entry of ODAs is blocked at the
restrictive temperature of 39°C (Fig. 5, D and
E). Shulin accumulated in regenerating cilia as
normal at the permissive 30°C, but its entry
was prevented at the restrictive temperature
(Fig. 5, D and E). Thus, Shulin travels with
ODAs during cilia growth until they reach their
final axonemal location (Fig. 5F).

Shulin’s inhibitory effect on ODAs could
serve several purposes. During IFT of ODAs,
Shulin may prevent aberrant interactions with
axonemal microtubules, which would hinder
their transport. At their final location, ODAs
interact with the A-tubule via their tail do-
mains and with the B-tubule via their motor
domains (20). Shulin’s inhibition could be
important to allow the ODA tails to correct-
ly dock before the motors can engage the
B-tubule. Finally, as previously proposed, inhi-
bition may also play a role in preventing any
free ODAs escaping prematurely from cilia (4).

In addition to its inhibitory role during
ciliary trafficking, Shulin may have other func-
tions. First, Shulin knockdown resulted in re-
duced amounts of ODAs in the cell body as
well as the cilia (fig. S21), suggesting that
Shulin is required to prevent ODA degrada-
tion in the cytoplasm. Shulin may play a role
in ODA assembly, such that in its absence,
incorrectly assembled ODAs are removed. Al-
ternatively, Shulin binding may directly shield
cell body ODAs from constitutive degradation
pathways. Second, Shulin is also implicated in
directly targeting proteins to cilia. Its human

ortholog, C200RF194, binds the small GTPase
Arl3 in primary cilia (24). Arl3-GTP (guanosine
5”-triphosphate) exclusively localizes to cilia
and regulates targeting of numerous ciliary
proteins (25). Because primary cilia lack ODAs,
Shulin may target other components in this
context. In motile cilia, Arl3 is also important
for assembly (26), which raises the possibility
that the Shulin-Arl3 interaction plays a direct
role in ODA delivery. In summary, our work
shows that Shulin inhibits and packages ODAs
and plays a key role in their targeting to cilia.
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Model-informed COVID-19 vaccine prioritization
strategies by age and serostatus

Kate M. Bubar'?*, Kyle Reinholt®, Stephen M. Kissler*, Marc Lipsitch*, Sarah Cobey®,

Yonatan H. Grad*, Daniel B. Larremore37*

Limited initial supply of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccine raises
the question of how to prioritize available doses. We used a mathematical model to compare five
age-stratified prioritization strategies. A highly effective transmission-blocking vaccine prioritized to
adults ages 20 to 49 years minimized cumulative incidence, but mortality and years of life lost were
minimized in most scenarios when the vaccine was prioritized to adults greater than 60 years old. Use of
individual-level serological tests to redirect doses to seronegative individuals improved the marginal
impact of each dose while potentially reducing existing inequities in COVID-19 impact. Although
maximum impact prioritization strategies were broadly consistent across countries, transmission rates,
vaccination rollout speeds, and estimates of naturally acquired immunity, this framework can be

used to compare impacts of prioritization strategies across contexts.

evere acute respiratory syndrome corona-

virus 2 (SARS-CoV-2) has caused a public

health and economic crisis worldwide. As

of January 2021, there have been more

than 85 million cases and 1.8 million
deaths reported (Z). To combat this crisis, a
variety of nonpharmaceutical interventions
have been implemented, including shelter-
in-place orders, limited travel, and remote
schooling. Although these efforts are essen-
tial to slowing transmission in the short term,
long-term solutions—such as vaccines that
protect from SARS-CoV-2 infection—remain
urgently needed. The benefits of an effective
vaccine for individuals and their commu-
nities have resulted in widespread demand, so
it is critical that decision-making on vaccine
distribution is well motivated, particularly in
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the initial phases when vaccine availability is
limited (2).

We used a model-informed approach to
quantify the impact of COVID-19 vaccine pri-
oritization strategies on cumulative incidence,
mortality, and years of life lost. Our approach
explicitly addresses variation in three areas
that can influence the outcome of vaccine distri-
bution decisions. First, we considered variation
in the performance of the vaccine, including its
overall efficacy, a hypothetical decrease in
efficacy by age, and the vaccine’s ability to
block transmission. Second, we considered
variation in both susceptibility to infection
and the infection fatality rate by age. Third,
we considered variation in the population and
policy—including the age distribution, age-
stratified contact rates, and initial fraction
of seropositive individuals by age—and the
speed and timing of the vaccine’s rollout rel-
ative to transmission. Although the earliest
doses of vaccines will be given to front-line
health care workers under plans such as those
from the COVAX initiative and the U.S. Na-
tional Academies of Sciences, Engineering,
and Medicine (NASEM) recommendations
(3), our work is focused on informing the
prioritization of the doses that follow. On the
basis of regulatory approvals and initial vac-
cine rollout speeds of early 2021, our inves-
tigation focuses generally on scenarios with

a partially mitigated pandemic [reproduction
number (R) between 1.1 and 2.0], vaccines with
protective efficacy of 90%, and rollout speeds
of 0.2% of the population per day.

There are two main approaches to vaccine
prioritization: (i) directly vaccinate those at
highest risk for severe outcomes and (ii) pro-
tect them indirectly by vaccinating those who
do the most transmitting. Model-based inves-
tigations of the trade-offs between these strat-
egies for influenza vaccination have led to
recommendations that children be vaccinated
because of their critical role in transmission
(4, 5) and have shown that direct protection
is superior when reproduction numbers are
high but indirect protection is superior when
transmission is low (6). Similar modeling for
COVID-19 vaccination has found that the op-
timal balance between direct and indirect
protection depends on both vaccine efficacy
and supply, recommending direct vaccination
of older adults for low-efficacy vaccines and
for high-efficacy but supply-limited vaccines
(7). Rather than comparing prioritization
strategies, others have compared hypothet-
ical vaccines, showing that even those with
lower efficacy for direct protection may be
more valuable if they also provide better in-
direct protection by blocking transmission
(8). Prioritization of transmission-blocking
vaccines can also be dynamically updated on
the basis of the current state of the epidemic,
shifting prioritization to avoid decreasing
marginal returns (9). These efforts to prioritize
and optimize doses complement other work
showing that under different vaccine efficacy
and durability of immunity, the economic and
health benefits of COVID-19 vaccines will be
large in the short and medium terms (10). The
problem of vaccine prioritization also parallels
the more general problem of optimal resource
allocation to reduce transmission, such as with
masks (17).

Evaluation of vaccine prioritization strategies

We evaluated the impact of vaccine prioritiza-
tion strategies using an age-stratified SEIR
model (susceptible, exposed, infectious, re-
covered) because age has been shown to be an
important correlate of susceptibility (12-14),
seroprevalence (12, 15), severity (16-18), and
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Fig. 1. Impacts of vaccine prioritization strategies on mortality and infections.
(A) Distribution of vaccines for five prioritization strategies: under 20 years,

adults 20 to 49 years, adults 20+ years, adults 60+ years, and all ages. (B, C, F,
and G) Example simulation curves show [(B) and (C)] percentage of the total
population infected over time and [(F) and (G)] cumulative mortality for no vaccines
(gray dashed lines) and for five different prioritization strategies [colored lines
matching (A)], with [(B) and (F)] 10% and [(C) and (G)] 30% vaccine supply.

(D, E, H, and I) Summary curves show percent reductions in [(D) and (E)] infections
and [(H) and (1)] deaths in comparison to an unmitigated outbreak for vaccine

mortality (19, 20). This model includes an age-
dependent contact matrix, susceptibility to
infection, and infection fatality rate (IFR),
allowing us to estimate cumulative incidence
of SARS-CoV-2 infections, mortality due to
infection, and years of life lost (YLL) (supple-
mentary materials, materials and methods) by
means of forward simulations of 1 year of
disease dynamics. Cumulative incidence, mor-
tality, and YLL were then used as outcomes by
which to compare vaccine prioritization strat-
egies. These comparisons may be explored by
using accompanying open-source and inter-
active calculation tools that accompany this
study (21).

We first examined the impact of five vac-
cine prioritization strategies for a hypothetical
infection- and transmission-blocking vaccine
of varying efficacy. The strategies prioritized
vaccines to (i) children and teenagers, (ii)
adults between ages 20 and 49 years, (iii) adults
20 years or older, (iv) adults 60 years or older,
and (v) all individuals (Fig. 1A). In all strat-
egies, once the prioritized population was vac-
cinated, vaccines were allocated irrespective
of age—that is, in proportion to their numbers
in the population. To incorporate vaccine
hesitancy, at most 70% of any age group was
eligible to be vaccinated (22).

We measured reductions in cumulative in-
cidence, mortality, and YLL achieved by each
strategy, varying the vaccine supply between
1 and 50% of the total population, under two
scenarios. In scenario 1, vaccines were admin-
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istered to 0.2% of the population per day until
supply was exhausted, with basic reproduc-
tion number (R,) = 1.15, representing highly
mitigated spread during vaccine rollout. In
scenario 2, vaccines were administered to
0.2% of the population per day until supply
was exhausted, but with R, = 1.5, represent-
ing substantial viral growth during vaccine
rollout (example model outputs are provided
in Fig. 1). Results for additional scenarios
in which vaccines were administered before
transmission began are described in the sup-
plementary materials, supplementary text,
corresponding to countries without ongoing
community spread such as South Korea and
New Zealand. We considered two ways in
which vaccine efficacy (ve) could be below
100%: an all-or-nothing vaccine, in which the
vaccine provides perfect protection to a frac-
tion wve of individuals who receive it, or as a
leaky vaccine, in which all vaccinated individ-
uals have reduced probability ve of infection
after vaccination (supplementary materials,
materials and methods).

Of the five strategies, direct vaccination of
adults older than 60 years of age (60+) always
reduced mortality and YLL more than the
alternative strategies when transmission was
high [R, = 1.5, scenario 2, 90% efficacy (Fig. 1);
30 to 100% efficacy (fig. S5)]. For lower trans-
mission (R, = 1.15, scenario 1), vaccination of
adults aged 20 to 49 years reduced mortality
and YLL more than the alternative strategies,
but differences between prioritization of adults

Scenario 1

Summary E Summary

20 30 40 5 0 10
Total vaccine supply (% of population)

20 30 40 50

supplies between 1 and 50% after 365 days of simulation. Squares and diamonds
show how the outputs from single simulations [(F) and (G)] correspond to points in
summary curves (H). Gray shading indicates the period during which vaccine is
being rolled out at 0.2% of total population per day. Black dots indicate break points
at which prioritized demographic groups have been 70% vaccinated, after which
vaccines are distributed without prioritization. These simulations assume contact
patterns and demographics of the United States (38, 53) and an all-or-nothing,
transmission-blocking vaccine with 90% vaccine efficacy and Ry = 1.5 (scenario 2)
and Ry = 115 (scenario 1).

aged 20 to 49 years, 20+ years, and 60+ years
were small for vaccine supplies above 25%
(Fig. 1 and fig. S5). Prioritizing adults aged
20 to 49 years minimized cumulative inci-
dence in both scenarios for all vaccine effi-
cacies (Fig. 1 and fig. S5). Prioritizing adults
aged 20 to 49 years also minimized cumulative
incidence in both scenarios under alternative
rollout speeds (0.05 to 1% vaccinated per day)
(fig. S6). When rollout speeds were at least
0.3% per day and vaccine supply covered at
least 25% of the population, the mortality-
minimizing strategy shifted from prioritiza-
tion of ages 20 to 49 years to adults aged 20+
or 60+ years for scenario 1; when rollout speeds
were at least 0.75% per day and covered at
least 24% of the population, the mortality-
minimizing strategy shifted from prioritiza-
tion of adults aged 60+ years to adults aged
20+ or 20 to 49 years for scenario 2 (fig. S6).
Findings for mortality and YLL were only
slightly changed by modeling vaccine efficacy
as all or nothing (fig. S5) or leaky (fig. S7).

Impact of transmission rates, age
demographics, and contact structure

To evaluate the impact of transmission rates
on the strategy that most reduced mortality,
we varied the basic reproductive number R,
from 1.1 to 2.0 when considering a hypothet-
ical infection- and transmission-blocking vac-
cine with 90% vaccine efficacy. We found that
prioritizing adults aged 60+ years remained
the best way to reduce mortality and YLL for

26 FEBRUARY 2021 » VOL 371 ISSUE 6532 917



RESEARCH | RESEARCH ARTICLES

A Vaccine rollout 0.1% per day Vaccine rollout 0.2% per day . o
1.9 | R S N [ SS— S S S
| — S — [ S — strategy
1.8 | N S N S S S = <20
© 1.6 | — I N — — — S — m 20-49
1.5 I I R E— —— — E—
| R R [ S S R m 20+
L e e e o S m— — — = 60+
e e e e o S m— ——
1.2 e — ——— [ — I ——— = Al Ages
1.1 — I S E— — — — E—
10 20 30 40 50 10 20 30 40 50
Total vaccine supply (% of population)

c R,=1.15, rollout 0.1% per day D R,=1.15, rollout 0.2% per day E R=1.5, rollout 0.2% per day
poL [N I N N N [ N S .
zar | I I N N [N (NN (N N N [N R S N —
e [ T | w0 T [ [ T T |

£ BrA [N N N N N [N N N S N [ S — — —

5 zwe | I I I N N N (N S U N [ S S E—

G EsP | N N N [N I N N NN [ N
ey [ e T T e T [ [ ]
léiﬁ T s T a7

10 20 30 40 50 10 20 30 40 50 10 20 30 40 50

Total vaccine supply (% of population)

Fig. 2. Mortality-minimizing vaccine prioritization strategies across reproductive numbers Ry and
countries. (A to E) Heatmaps show the prioritization strategies that result in maximum reduction of mortality
for varying values of [(A) and (B)] the basic reproductive number Ry and [(C), (D), and (E)] across

nine countries, for vaccine supplies between 1 and 50% of the total population, for an all-or-nothing and
transmission-blocking vaccine, 90% vaccine efficacy. [(A) and (B)] Contact patterns and demographics of
the United States (38, 53). [(C), (D), and (E)] Contact patterns and demographics of POL, Poland; ZAF,
South Africa; CHN, China; BRA, Brazil; ZWE, Zimbabwe; ESP, Spain; IND, India; USA, United States of
America; and BEL, Belgium, with Ry and rollout speeds as indicated.

Ry = 1.3, but prioritizing adults aged 20 to
49 years was superior for Ry < 1.2 (Fig. 2, A
and B, and fig. S8). Prioritizing adults aged
20 to 49 years minimized infections for all
values of R, investigated (fig. S8).

To determine whether our findings were
robust across countries, we analyzed the rank-
ing of prioritization strategies for populations
with the age distributions and modeled con-
tact structures of the United States, Belgium,
Brazil, China, India, Poland, South Africa, and
Spain. Across these countries, direct vacci-
nation of adults aged 60+ years minimized
mortality for all levels of vaccine supply when
transmission was high (R, = 1.5, scenario 2)
(Fig. 2E) but in only some cases when trans-
mission was lower (R, = 1.15, rollout 0.2% per
day, scenario 1) (Fig. 2D). Decreasing rollout
speed from 0.2% to 0.1% per day caused priori-
tization of adults aged 60+ years to be favored
in additional scenarios (Fig. 2C). Across coun-
tries, vaccination of adults aged 20 to 49 years
nearly always minimized infections, and vacci-
nation of adults aged 60+ years nearly always
minimized YLL for scenario 2, but no clear
ranking of strategies emerged consistently to
minimize YLL in scenario 1 (fig. S9).

Vaccines with imperfect
transmission-blocking effects

We also considered whether the rankings of
prioritization strategies to minimize mortal-
ity would change if a vaccine were to block
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COVID-19 symptoms and mortality with 90%
efficacy but with variable impact on SARS-CoV-2
infection and transmission. We found that
direct vaccination of adults aged 60+ years
minimized mortality for all vaccine supplies
and transmission-blocking effects under sce-
nario 2 and for all vaccine supplies when up
to 50% of transmission was blocked in sce-
nario 1 (supplementary text and fig. S10).

Variation in vaccine efficacy by age

COVID-19 vaccines may not be equally effec-
tive across age groups in preventing infection
or disease, a phenomenon known to affect
influenza vaccines (23-26). To understand
the impact of age-dependent COVID-19 vac-
cine efficacy, we incorporated a hypothetical
linear decrease from a baseline efficacy of 90%
for those younger than 60 years to 50% in
those 80 years and older (Fig. 3). As expected,
this diminished the benefits of any prioritiza-
tion strategy that included older adults. For
example, strategies that prioritize adults aged
20 to 49 years were unaffected by decreased
efficacy among adults aged 60+ years, whereas
strategies prioritizing adults aged 60+ years
were markedly diminished (Fig. 3). Despite
these effects, prioritization of adults aged
60+ years remained superior to the alter-
native strategies to minimize mortality in
scenario 2.

To test whether more substantial age-
dependent vaccine effects would change which

strategy minimized mortality in scenario 2,
we varied the onset age of age-dependent de-
creases in efficacy, the extent to which it de-
creased, and the baseline efficacy from which
it decreased. We found that as long as the
age at which efficacy began to decrease was
70 years or older and vaccine efficacy among
adults aged 80+ years was at least 25%, pri-
oritizing adults aged 60+ years remained
superior in the majority of parameter combi-
nations. This finding was robust to whether
the vaccine was modeled as leaky versus all or
nothing, but we observed considerable varia-
tion from country to country (fig. S11).

Incorporation of population seroprevalence
and individual serological testing

Because of early indications that naturally
acquired antibodies correlate with protection
from reinfection (27), seroprevalence will affect
vaccine prioritization in two ways. First, de-
pending on the magnitude and age distribu-
tion of seroprevalence at the time of vaccine
distribution, the ranking of strategies could
change. Second, distributing vaccines to sero-
positive individuals would reduce the marginal
benefit of vaccination per dose.

To investigate the impact of vaccinating
midepidemic while using serology to target
the vaccine to seronegative individuals, we in-
cluded age-stratified seroprevalence estimates
in our model by moving the data-specified pro-
portion of seropositive individuals from sus-
ceptible to recovered status. We then simulated
two approaches to vaccine distribution. In the
first, vaccines were distributed according to the
five prioritization strategies introduced above,
regardless of any individual’s serostatus. In the
second, vaccines were distributed with a sero-
logical test, so that individuals with a positive
serological test would not be vaccinated, allow-
ing their dose to be given to someone else in
their age group.

We included age-stratified seroprevalence
estimates from New York City [August 2020;
overall seroprevalence 26.9% (28)] and demo-
graphics and age-contact structure from the
United States in evaluations of the previous
five prioritization strategies. For this anal-
ysis, we focused on scenario 2 (0.2% rollout
per day, R, = 1.5 inclusive of seropositives)
and found that the ranking of strategies to
minimize incidence, mortality, and YLL re-
mained unchanged: Prioritizing adults aged
60+ years most reduced mortality, and priori-
tizing adults aged 20 to 49 years most reduced
incidence, regardless of whether vaccination
was limited to seronegative individuals (Fig. 4).
These rankings were unchanged when we used
lower or higher age-stratified seroprevalence
estimates to test the consistency of results
[Connecticut, July 2020, overall seropreva-
lence 3.4% (29) and synthetic, overall sero-
prevalence 39.5%] (figs. S12 and S13). Despite
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Fig. 3. Effects of age-dependent vaccine efficacy on the impacts of
prioritization strategies. (A) Diagram of hypothetical age-dependent vaccine
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groups (solid lines) or age-dependent efficacy shown in (A) (dashed lines), covering
scenario 1[0.2% rollout per day, Ro = 1.15; (B)] and scenario 2 [0.2% rollout per day,
Ro = 1.5 (C)]. Black dots indicate break points at which prioritized demographic
groups have been 70% vaccinated, after which vaccines are distributed without
prioritization. Shown are contact patterns and demographics of the United States
(38, 53); all-or-nothing and transmission-blocking vaccine.
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Fig. 4. Effects of existing seropositivity on the impacts of prioritization
strategies. (A to C) Percent reductions in (A) infections, (B) deaths, and (C)
years of life lost (YLL) for prioritization strategies when existing age-stratified
seroprevalence is incorporated [August 2020 estimates for New York City; mean
seroprevalence 26.9% (28)]. Plots show reductions for scenario 2 (0.2% rollout
per day, Ry = 1.5) when vaccines are given to all individuals (solid lines) or to only

seronegatives (dashed lines), inclusive of 96% serotest sensitivity, 99%
specificity (54), and approximately 3 months of seroreversion (supplementary
materials, materials and methods) (29). Shown are U.S. contact patterns and
demographics (38, 53), all-or-nothing and transmission-blocking vaccine with
90% vaccine efficacy. Lower and higher seroprevalence examples are provided in
figs. S12 and S13, respectively.

lowered sensitivity to detect past exposure
due to seroreversion (30, 3I), preferentially
vaccinating seronegative individuals yielded
large additional reductions in cumulative inci-
dence and mortality in locations with higher
seroprevalence (Fig. 4 and fig. S13) and modest
reductions in locations with low seroprevalence
(fig. S12). These results remained unchanged
when statistical uncertainty, because of sample
size and imperfect test sensitivity and specific-
ity, was incorporated into the model (32).

Discussion

This study demonstrated the use of an age-
stratified modeling approach to evaluate and
compare vaccine prioritization strategies for
SARS-CoV-2. After accounting for country-
specific age structure, age-contact structure,
infection fatality rates, and seroprevalence, as
well as the age-varying efficacy of a hypothet-
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ical vaccine, we found that across countries,
those aged 60 years and older should be pri-
oritized to minimize deaths, assuming a return
to high contact rates and prepandemic behav-
ior during or after vaccine rollout. This recom-
mendation is robust because of the dramatic
differences in IFR by age. Our model identi-
fied three general regimes in which prioritiz-
ing adults aged 20 to 49 years would provide
greater mortality benefits than would priori-
tizing older adults. One such regime was in the
presence of substantial transmission-mitigating
interventions (R, = 1.15) and a vaccine with 80%
or higher transmission-blocking effects. A sec-
ond regime was characterized by substantial
transmission-mitigating interventions (R, =
1.15) and either rollout speeds of at most 0.2%
per day or vaccine supplies of at most 25% of
the population. The third regime was charac-
terized by vaccines with very low efficacy in

older adults, very high efficacy in younger
adults, and declines in efficacy starting at age
59 or 69 years. The advantage of prioritizing
all adults or adults aged 20 to 49 versus 60+
years was small under these conditions. Thus,
we conclude that for mortality reduction, pri-
oritization of older adults is a robust strategy
that will be optimal or close to optimal to min-
imize mortality for virtually all plausible vac-
cine characteristics.

By contrast, the ranking of infection-minimizing
strategies for midepidemic vaccination led
to consistent recommendations to prioritize
adults aged 20 to 49 years across efficacy values
and countries. For pretransmission vaccina-
tion, prioritization shifted toward children and
teenagers for leaky vaccine efficacies 50% and
below, which is in line with prior work (7), as
well as for vaccines with weak transmission-
blocking properties. Because a vaccine is likely
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to have properties of both leaky and all-or-
nothing models, empirical data on vaccine
performance could help resolve this difference
in model recommendations, although data are
difficult to obtain in practice [for example,
(33, 34)].

Itis not yet clear whether the first generation
of COVID-19 vaccines will be approved every-
where for the elderly or those under 18 years of
age (35-37). Although our conclusions assumed
that the vaccine would be approved for all age
groups, the evaluation approaches introduced
here can be tailored to evaluate a subset of
approaches restricted to those within the age
groups for which a vaccine is licensed, by using
open-source tools such as those that accom-
pany this study. Furthermore, although we
considered three possible goals of vaccination—
minimizing camulative incidence, mortality,
or YLL—our framework can be adapted to
consider goals such as minimizing hospital-
izations, intensive care unit occupancy (7), or
economic costs (10).

We demonstrated that there is value in
pairing individual-level serological tests with
vaccination, even when accounting for the
uncertainties in seroprevalence estimates (32)
and seroreversion (30). The marginal gain in
effective vaccine supply, relative to no sero-
logical testing, must be weighed against the
challenges of serological testing before vacci-
nation. Serostatus itself is an imperfect indica-
tor of protection, and the relationship of prior
infection, serostatus, and protection may change
over time (10, 27, 30, 31). Delays in serological
test results would impair vaccine distribution,
but partial seronegative-targeting effects might
be realized if those with past polymerase chain
reaction (PCR)-confirmed infections voluntar-
ily deprioritized their own vaccinations.

The best-performing strategies depend on
assumptions about the extent of a population’s
interactions. We used prepandemic contact
matrices (38), reflecting the goal of a return
to prepandemic routines once a vaccine is
available, but more recent estimates of age-
stratified contact rates could be valuable in
modeling midpandemic scenarios (39, 40).
Whether prepandemic or midpandemic con-
tact estimates are representative of contact
patterns during vaccine rollout remains un-
known and may vary on the basis of numerous
social, political, and other factors. The scenar-
ios modeled here did not incorporate explicit
nonpharmaceutical interventions, which might
persist if vaccination coverage is incomplete,
but are implicitly represented in scenario 1
(Ro = 1.15).

Our study relies on estimates of other epi-
demiological parameters. In local contexts,
these include age-structured seroprevalence
and IFR, which vary by population (19, 20, 41).
Globally, key parameters include the degree
to which antibodies protect against reinfec-
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tion or severity of disease and relative infec-
tiousness by age. From vaccine trials, we also
need evidence of efficacy in groups vulnerable
to severe outcomes, including the elderly. Addi-
tionally, it will be critical to measure whether
a vaccine that protects against symptomatic
disease also blocks infection and transmission
of SARS-CoV-2 (42).

The role of children during this pandemic
has been unclear. Under our assumptions
about susceptibility by age, children are not
the major drivers of transmission in commu-
nities, which is consistent with emerging evi-
dence (12). Thus, our results differ from the
optimal distribution for influenza vaccines,
which prioritize school-age children and adults
aged 30 to 39 years (5). However, the relative
susceptibility and infectiousness of SARS-
CoV-2 by age remain uncertain. Although it
is unlikely that susceptibility to infection con-
ditional on exposure is constant across age
groups (12), we ran our model to test the sen-
sitivity of this parameter. Under the scenario
of constant susceptibility by age, vaccinating
those under 20 years of age has a greater im-
pact on reducing cumulative cases than vac-
cinating those aged 20 to 49 years (figs. S14
and 15).

Our study is subject to a number of limita-
tions. First, our evaluation strategy focuses
on a single country at a time, rather than on
between-population allocation (43). Second,
we only consider variation in disease sever-
ity by age. However, other factors correlate
with disease outcomes, such as treatment and
health care access and comorbidities, which
may correlate with factors such as rural ver-
sus urban location, socioeconomic status, sex
(44, 45), and race and ethnicity (46), which are
not accounted for in this study. Inclusion of
these factors in a model would be possible, but
only with statistically sound measurements
of their stratified infection risk, contact
rates, and disease outcomes. Even in the case
of age stratification, contact surveys have typ-
ically not surveyed those 80 years and older,
yet it is this population that suffers dramatically
more severe COVID-19 disease and higher
infection fatality rates. We extrapolated con-
tact matrices to those older than 80, but direct
measurements would be superior. Last, our
study focused on guiding strategy rather than
providing more detailed forecasting or esti-
mates (10). As such, we have not made detailed
parameter fits to time series of cases or deaths
but rather have used epidemiologic models
to identify robust strategies across a range of
transmission scenarios.

Our study also considers variation in disease
risk only by age, through age-structured con-
tact matrices and age-specific susceptibility,
whereas many discussions around COVID-19
vaccine distribution have thus far focused on
prioritizing health care or essential workers

(47, 48). Contact rates, and thus infection po-
tential, vary greatly not only by occupation
and age but also by living arrangement (such
as congregate settings or dormitories), neigh-
borhood and mobility (49-52), and whether
the population has a coordinated and funda-
mentally effective policy to control the virus.
With a better understanding of population
structure during the pandemic, and risk fac-
tors of COVID-19, these limitations could be
addressed. Meanwhile, the robust findings in
favor of prioritizing those age groups with the
highest IFR to minimize mortality could po-
tentially be extended to prioritize those with
comorbidities that predispose them to a high
IFR because the strategy of prioritizing the
older age groups depends on direct rather
than indirect protection.

Vaccine prioritization is not solely a ques-
tion of science but a question of ethics as well.
Hallmarks of the COVID-19 pandemic, as with
other global diseases, are inequalities and dis-
parities. Although these modeling efforts focus
on age and minimizing incidence and death
within a simply structured population, other
considerations are crucial, from equity in allo-
cation between countries to disparities in ac-
cess to health care, including vaccination, that
vary by neighborhood. Thus, the model’s sim-
plistic representation of vulnerability (age)
should be augmented by better information
on the correlates of infection risk and severity.
Fair vaccine prioritization should avoid fur-
ther harming disadvantaged populations. We
suggest that after distribution, pairing sero-
logical testing with vaccination in the hardest-
hit populations is one possible equitable way to
extend the benefits of vaccination in settings
where vaccination might otherwise not be
deemed cost effective.
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ATMOSPHERIC CHEMISTRY

Reactive uptake of N,O5 by atmospheric aerosol is
dominated by interfacial processes

Mirza Galib® and David T. Limmer“?34*

Nitrogen oxides are removed from the troposphere through the reactive uptake of N,Os into aqueous
aerosol. This process is thought to occur within the bulk of an aerosol, through solvation and subsequent
hydrolysis. However, this perspective is difficult to reconcile with field measurements and cannot be
verified directly because of the fast reaction kinetics of N,Os. Here, we use molecular simulations,
including reactive potentials and importance sampling, to study the uptake of N,Os into an aqueous
aerosol. Rather than being mediated by the bulk, uptake is dominated by interfacial processes due to
facile hydrolysis at the liquid-vapor interface and competitive reevaporation. With this molecular
information, we propose an alternative interfacial reactive uptake model consistent with existing

experimental observations.

he reactive uptake of N,O; in the atmo-
spheric aerosol plays a key role in es-
tablishing the oxidative power of the
troposphere and is a major factor in de-
termining air quality and climate (7, 2),
In nighttime air, NO and NO, are oxidized by
03 to form NO3 and N,O5 (3). Between 25 and
41% of that tropospheric N,Oj5 is thought to
be subsequently removed by hydrolysis to
HNO; in aqueous aerosol (4, 5). Experimen-
tally, only the overall reactive uptake of N,O5
gas to aqueous aerosol can be measured (6).
However, a molecular-level understanding of
that process is lacking, frustrating attempts to
rationalize variations in field measurements
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(7-11). We used state-of-the-art computational
tools, including machine learning-based re-
active force fields (12, 13) and methods of
importance sampling molecular dynamics
simulations, to determine that the hydrolysis
of N,O5 in aqueous aerosol is fast and sub-
sequently that interfacial processes dominate
its reactive uptake. This finding is inconsistent
with traditional models of reactive uptake,
which assume reaction-limited bulk hydrol-
ysis and equilibrium solvation (6, 8, 10, 14).
Rather, we show with explicit simulations that
reactive uptake can be understood as a result
of competition between interfacial hydroly-
sis and evaporation. This interfacial model of
N,Oj; reactive uptake can reasonably reproduce
the experimental reactive uptake coefficient
on pure water droplets. This model also helps
to rationalize a number of existing experimen-
tal observations, including the temperature
dependence of the uptake coefficient and the
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similarity between the uptake coefficients on
ice particles and liquid water droplets, and can
be extended to consider the dependence on
organic and inorganic species.

Under standard conditions, reactive uptake
is determined by the uptake coefficient, v,
which is the fraction of N,O5; molecules that
collide with an aerosol surface and are irre-
versibly lost through reaction. Measurements
of y in pure water vary, with 0.01 <y < 0.08
(8, 10). Uptake on pure water represents an
idealized case of dilute solution conditions
as might be found in fog or cloud droplets,
because contributions from surface-active or-
ganics and soluble inorganic salts can change
uptake in complex ways (7, 8, 15, 16). The size
of y and its dependence on solution compo-
sition and thermodynamic state is currently
rationalized with simplified kinetic models
(6, 10, 17). Unfortunately, the basic physical and
chemical properties of N,Os, like its solubility
and hydrolysis rate constant, which are needed
to validate assumptions made in such models
are not available. Therefore, a model capable of
directly interrogating the molecular dynamics
that transfer an initially gaseous N,O5 molecule
into its solution hydrolysis products is needed.

Molecular simulations can in principle be
used to gain microscopic insight into the re-
active uptake of atmospheric gases into solu-
tion (6). Classical force fields have been used to
study the physical solvation of N,O5 (18, 19),
where it is computationally tractable to use en-
hanced sampling methods and represent large
inhomogeneous systems. However, existing
potentials are not suitable to model chemical
reactions, precluding a study of the hydrolysis
reaction. Ab initio molecular dynamics has been
used to study hydrolysis and halide substitu-
tion reactions of N,O5 in water clusters (20-24).

However, studying systems large enough to
represent inhomogeneous systems (25) or to
evolve systems long enough to study rare events
is difficult. To overcome these limitations, we
used machine learning techniques to fit a high-
dimensional reactive potential to ab initio train-
ing data. The resultant potential allows us to
access larger length and time scales than typical
ab initio simulations, but with comparable accu-
racy. In so doing we are able to use advanced
simulation methods to uncover a complete
picture of the thermodynamics and reactive
dynamics that lead to the uptake of N,Os.

To simulate the hydrolysis of N,O5 in liquid
water, we developed a reactive force field capa-
ble of describing a broad ensemble of solvation
and bonding configurations. Specifically, we
constructed a model using ab initio reference
data fit to a flexible artificial neural network
functional. We used supervised and active
learning procedures on a range of condensed-
phase and reactive-path structures (26). The
artificial neural networks are trained on refer-
ence energies and forces computed from den-
sity functional theory (27, 28), which provides
an accurate description of aqueous solution
structure and thermodynamics (29-32) and
which we additionally benchmarked for N,O5
gas-phase dissociation energies (table S1). The
resultant reactive force field accurately repre-
sents the ab initio potential-energy surface
of water and N,Oj; (tables S2 and S3), but at
a substantially reduced computational cost,
enabling the systematic study of the thermo-
dynamics and kinetics of solvated N,O5 and its
hydrolysis products (figs. S1 to S8).

Thermodynamics of solvation and hydrolysis

Figure 1A shows a characteristic snapshot of
N,O; and its surrounding solvation environ-

m
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Fig. 1. Solvation and hydrolysis thermodynamics
in bulk water. (A) Representative snapshots of
solvated N,Os and HNOs in bulk water from molecular
dynamics simulations. The red, blue, and white
spheres denote oxygens, nitrogens, and hydrogens,
respectively. (B) Free-energy profile for N,Os hydrolysis
reaction as a function of intramolecular nitrogen—
nitrogen distance. (C) Free-energy profile for the
dissociation of HNO3 as a function of a continuous
coordination number between an O in the NO3 moiety
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and a hydrogen, ny, (left). A characteristic snapshot of dissociated HNO3 from molecular dynamics
trajectory is shown, where the excess proton is highlighted in yellow (right).
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ment generated from our neural network
force field. The intramolecular structure of
the solvated N,O; is characterized by large
fluctuations in the position of the center oxy-
gen (fig. S9). These fluctuations manifest the
tendency of N,O5 to spontaneously undergo
intramolecular charge separation, localizing
excess positive charge in an emergent NO,>*
moiety and excess negative charge in an NO38’
moiety, as a transient precursor to dissociation
(19, 24). Despite the transient charge sepa-
ration, we find that N,Oj is relatively weakly
solvated on average (fig. S10). Water forms less
than one hydrogen bond with the outer oxy-
gens on average and even fewer with the ni-
trogens and bridging oxygen, resulting in an
unstructured solvation shell. This is because
the localization of the charge is primarily on the
nitrogens, which are sterically inaccessible.

The observed hydration structure is consist-
ent with N,Oj5 being sparingly soluble in water.
To quantify the driving force for dissolving
N,Oj5 in water, we computed the solvation
free energy using thermodynamic perturbation
theory (tables S5 and S6). The resultant solva-
tion free energy, F; = 1.3 + 0.5 kcal/mol, implies
a Henry’s law constant of H = 0.4 + 0.1 M/atm.
H is smaller than has been inferred from pre-
vious mass uptake experiments, which showed
a range from 1 to 10 M/atm (33). However, the
interpretation of such experiments is difficult be-
cause of the inability to separate solvation from
subsequent hydrolysis. For a molecule with a
dipole, this solubility is relatively low, though
it is only modestly smaller than that of less-
reactive nitrogen oxides (34). The low solubil-
ity reflects a subtle interplay between favorable
long-range electrostatic energetics and a large
unfavorable cavity formation entropy.

The hydrolysis of N,Oj in liquid water is
thermodynamically favorable. We calculated
the free energy for dissociating N,O5 using
umbrella sampling. Specifically, we computed
the free energy, F(R), as a function of the intra-
molecular nitrogen-nitrogen distance, R. The
free energy is shown in Fig. 1B and exhibits a
narrow minimum at R = 2.6 A and a broad
plateau for R > 4 A, separated by a barrier at
R = 3 A. The minimum at R = 2.6 A reflects
the intact N,O5 molecule, as shown in Fig. 1A,
whereas the plateau for R > 4 A manifests its
dissociation. We find that at large R, it is ther-
modynamically favorable to form two equiv-
alents of HNOg (Fig. 1A). The barrier region is
wide, because large separations are needed
to solvate the separated nitrogens. A barrier
of nearly 4 kcal/mol implies that hydrolysis is
arare event and that N,O5 can be dynamically
distinguished from its eventual hydrolysis
products. The free energy difference between
the reactant and product basin results in a dis-
sociation constant of 1.3 x 10* M. The low solu-
bility of N,O5 implies that nearly all solvated
N,Oj; in pure water is transformed to HNOj.

sciencemag.org SCIENCE
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Fig. 2. Kinetics and
microscopic reaction
mechanisms for

the hydrolysis of N,O5
in bulk water. (A) Free
energy as a function

of the intramolecular
nitrogen-nitrogen
distance and a continuous
water coordination
number, n,,. Lines are
spaced 1 kcal/mol apart,
and the dashed line
plots the separatrix. The
circles indicate the
approximate location of
configurations in (D) and
(E). (B) Distribution of E
commitment probabilities

to the product basin,

pg, for configurations

taken along the separatrix

in (A). (C) Transmission
coefficient, x(t),

as a function of time.

(D) Representative
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snapshots along a molecular dynamics trajectory in which two protonated nitric acids are formed through the concerted ionization of water and addition of the OH™ to
the NO," moiety, followed by proton transfer to the NOs~ moiety. (E) Representative snapshots along a molecular dynamics trajectory in which hydrolysis of N,Os
into one HNO3 and one NO3~ proceeds through the concerted ionization of water and addition of the OH™ to the NO," moiety.

After hydrolysis, it is thermodynamically
favorable for the nascent nitric acid to disso-
ciate into an excess proton and NO5;~. We
computed the free energy to deprotonate HNO;
by monitoring a continuous coordination num-
ber, ny,, between the oxygens on the NO3; moiety
and a hydrogen (26). The free energy, F(n;,), can
be estimated directly from simulations and is
shown in Fig. 1C. The free energy difference for
removing a proton corresponds to a pK, value
of —1.1 (where K, is the acid dissociation con-
stant), which is reasonably close to the exper-
imental value of —-1.35 (35).

Taken together, the calculated thermody-
namics of N,O5 solvation and subsequent
hydrolysis in water are consistent with exper-
imental observations that its accommodation
into aqueous aerosol is largely irreversible (6).
Though weakly soluble, in water N,O5 will
undergo hydrolysis to form two HNO3, which
will subsequently deprotonate. Under high
nitrate concentrations, or in low-humidity
droplets, this equilibrium could be shifted
back toward an intact N,O5. Indeed, low-
water content droplets are observed to have
smaller reactive uptake coefficients, and dis-
solved nitrate salts can reduce the reactive
uptake by more than an order of magnitude
(8, 34).

Kinetics of N,Os hydrolysis

The mechanism of N,O; hydrolysis involves
an interplay between intramolecular charge

SCIENCE sciencemag.org

separation and stabilization from the surround-
ing water. To understand this interplay, we
identified a reaction coordinate that encodes
the microscopic details relevant to hydrolysis
in solution. An appropriate reaction coordinate
is one that is capable of both distinguishing
the intact N,O; from its dissociation products
as well as characterizing the transition-state
ensemble of configurations, which are those
configurations that have equal probability of
committing to either the reactant or product
states (36). Although the nitrogen-nitrogen
distance in Fig. 1B is capable of the former, it
fails in the latter. Configurations taken at fixed
values of R are overwhelmingly committed to
either the reactant or product basins of attrac-
tions. This is because R lacks direct information
about the surrounding water, which is pivotal
in describing hydrolysis.

‘We have found that an appropriate reaction
coordinate for hydrolysis is a linear combina-
tion of the nitrogen-nitrogen distance, R, and
a continuous coordination number between
the nitrogen atoms in N,O5 and the surround-
ing water molecules, denoted n,, (26). The
coordination number acts as collective sol-
vent coordinate and describes ion pairing and
solvation dynamics in solution (37). Figure 2A
shows the corresponding free energy surface,
F(ny, R), computed using umbrella sampling.
A line n,, = 3R + 9.6 defines a separatrix dis-
tinguishing the reactant and product basins.
The direction orthogonal to the separatrix acts

as the reaction coordinate, & For small R, the
weak hydration structure of N,Oj5 is evident by
the low value of 7. The NO,°~ and NO,>* pair
generated at large R but n,, = 0 is not thermo-
dynamically stable. The hydrolysis products,
which are two equivalents of HNOs, at large R
have an increased coordination number, 7, = 1,
reflecting the altered bonding arrangement
upon abstracting a water molecule. The saddle
point of the surface, which we denote &%, is
located at an intermediate coordination number
ny = 0.4 and intermediate nitrogen-nitrogen
distance R = 3.1 A, with a free energy barrier
F(&*) = 3.8 kcal/mol. The thermodynamically
most likely reactive path follows the simulta-
neous increase in the nitrogen-nitrogen dis-
tance and coordination number. The increasing
distance correlates with the lengthening of a
N-0 bond and accompanying charge reorgan-
ization, which is thermodynamically stabilized
by a solvent fluctuation that alters the coordi-
nation number.

We used the Bennett-Chandler method (38)
to quantify the rate constant for hydrolysis.
Specifically, we computed the rate, kj, as a
product of the transition-state theory estimate
and the transmission coefficient, k(z), where
t is lag time. The transition-state theory
estimate of the rate is computable from the
free-energy surface. The transmission coeffi-
cient corrects transition-state theory for dy-
namical effects at the top of the barrier and
is given by the plateau region of the flux-side
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Fig. 3. Elementary physical and chemical steps involved in the reactive
uptake of N,Os in a pure-water droplet. Red denotes our proposed interfacial
model, and blue refers to the standard bulk model. The images show an incoming
N»Os molecule first adsorbed at the liquid-vapor interface, which then either
reacts to form HNO3 or evaporates back into the gas phase. Diffusion into the bulk
of the droplet is comparatively slow, but once in the bulk, N,Os can undergo

correlation function. The transmission coeffi-
cient is shown in Fig. 2C. Taken together, we
find the rate of hydrolysis %y, = 4.1 ns™", im-
plying an average lifetime of N,Oj5 to be nearly
240 ps. This time is in excellent agreement
with that estimated from reactive trajecto-
ries propagated with direct dynamics.
Figure 2, D and E, show representative
snapshots taken along typical hydrolysis path-
ways. Subsequent to passing through the tran-
sition state, we find that the ensemble of
reactive pathways bifurcate, resulting in two
different product states. In one pathway (Fig.
2D), two nitric acids are formed through the
concerted ionization of water and addition
of the OH™ to the NO," moiety, followed by
proton transfer to the NO;™ moiety. In the other
pathway (Fig. 2E), one HNO3 and one NO3~
are formed. This process proceeds through
the ionization of water and addition of the
OH to the NO,"; however, the H;O" generated
does not have an existing hydrogen-bond wire
to enable the subsequent donation of the
proton to the NO3™. In our ensemble of tra-
jectories, 20% of those follow the first pathway
and 80% follow the latter one. These observa-
tions are similar to previous calculations for
water clusters (2I). During hydrolysis, we find
that NO," is only formed transiently, with an
average lifetime of 4 ps, and is better charac-
terized by a hydrated H,ONO," species. Once
an HNO3; molecule has its own independent
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solvation shell, we find that dissociation occurs
on average within 60 ps, or with a reaction
rate of 15.4 ns~". The Grotthuss diffusion of the
excess protons are well reproduced with our
force field. We find a relative diffusivity of H;O*
to OH" of 2.2 compared with the 1.9 measured
experimentally (39).

Previous estimates of the hydrolysis rate for
N,Oj in solution place it on the order of 10
to 10™* ns™%, or three to four orders of mag-
nitude slower than our computed rate (40).
However, like the solubility of N,Os, this rate
has been inferred indirectly from mass transfer
models and has not been measured indepen-
dently. The model that is most commonly in-
voked assumes equilibration between the
vapor and bulk solution and is valid when
uptake is reaction limited (6). Given the short
lifetime of N,O5 in solution, this equilibrium
assumption requires reevaluation. Indeed, the
reaction diffusion length is small, defined as
Ip = \/D/ky , where D is the self-diffusion
constant of N,O5. Within our model, /p = 1 nm
(table S4). As a consequence, we expect that
N,O; does not diffuse away from the inter-
facial region before reacting. This suggests that
rather than being mediated by bulk solvation
and subsequent reaction, reactive uptake of
N,Oj; is determined directly at the air-water
interface, through a process of interfacial ab-
sorption and reaction. This is in agreement
with some measurements on the particle size

hydrolysis. In either case, deprotonation of HNO3 occurs after solvation into

the bulk. The blue surface in the top images represents the location of the liquid-
vapor interface. The probability distribution of the lifetime time of a N,Os
molecule, P(z), at the air-water interface and in bulk water is shown at the top
right. Solvation free energies of N,Os at the air-water interface and in bulk
compared with the gaseous N,Os are shown at the bottom left.

dependence of reactive uptake, but not all
(40, 41).

Interfacial model for N,Os reactive uptake

The canonical kinetic model for the reactive
uptake of N,Oj is the so-called resistor model
(6, 14, 17, 42). This model assumes that the gas
molecule is first accommodated at the surface,
with probability o, and then diffuses from the
surface to the bulk where the reaction takes
place. The bulk reaction with rate %y, should
be slow enough that an equilibrium can be
established between the gas and the liquid
phases, with concentrations determined by
Henry’s law constant H. Under these assump-
tions for the mass transfer Kinetics, the reactive
uptake coefficient, y, can be estimated from

1 v -
v (a*W @a:)

where v is the thermal velocity, kg7 is the
Boltzmann constant times temperature (7).
Measurements suggest a value of o => 0.4
(43); however, as discussed above, neither H
nor kj;, can be independently measured. Pre-
vious work has assumed the value of H to be
5.0 M/atm, which was taken from extrapolat-
ing the known solubilities of a series of other
NO,, compounds (34). Inverting the expression
for y and setting it equal to 0.03, which is the
middle of the range of experimental estimates,
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provides an estimate of the reaction rate on the
order of 10° s™* for N,O5 hydrolysis. This anal-
ysis is internally consistent, because it predicts
areaction-diffusion length much larger than
the width of the interface, , ~ 80 nm, but the
solubility and hydrolysis rate are dramatically
different from those computed ab initio. Using
our computed values of H and k;,, we arrive at
v = 0.6, which is much higher than observed.

This inconsistency can be resolved by formu-
lating an alternative to the standard resistor
model that envisions the reactive uptake of
N,O; as an interfacial process. Specifically,
assuming all incoming N,O5 molecules stick
to the interface and do not diffuse away, the
reactive uptake is given by a competition be-
tween hydrolysis of N,O5 at an interface (21)
and its reevaporation. If &} is the reaction
rate at the surface and k. is the evaporation
rate, then the reactive uptake coefficient can
be computed from

ey
T8 ke

which, in the limit that y is small, reduces to
v = ki, /ke (44). This competition is illustrated
in Fig. 3 with accompanying simulation snap-
shots and contrasts it with the processes of
solvation and bulk hydrolysis included in the
standard resistor model. This interfacial model
is analogous to an older perspective on N,O5
uptake (41). Using molecular dynamics simu-
lations, we have tested the assumptions of this
model and explicitly computed y by estimating
ki and k.

We computed the reaction rate at the air-
water interface to be &5, = 0.95 ns" from direct
molecular dynamics simulations. The distribu-
tion of waiting times for hydrolysis are shown
in Fig. 3. This rate is slower than the corre-
sponding rate in the bulk by a factor of four
and predominantly follows a pathway that gen-
erates two protonated HNO3; molecules. This is
consistent with previous reports of the weaker
acidity of HNO; and HCI at the air-water in-
terface (45, 46). We estimated the evapora-
tion rate by first computing the free energy
of adsorption to the interface from the vapor
using thermodynamic perturbation theory and
then assuming that evaporation is barrierless.
We obtained a free energy of adsorption Fg =
3.4 kcal/mol, which is lower than the corre-
sponding solvation free energy, as shown in
Fig. 3. This indicates that N,Oj; is preferen-
tially solvated at the interface (fig. S11), which
is consistent with previous studies using em-
pirical potentials (I8, 19) and the weak hydra-
tion observed in our bulk simulations. From
this, we estimate an evaporation rate k. =
12.5 ns . The reactive uptake coefficient com-
putable from these two rate processes yields
v = 0.07, which is on the high end of the mea-
sured experimental range (8, 10).
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An interfacial model of N,Oj5 reactive uptake
helps rationalize a number of existing exper-
imental observations and opens additional
questions for further examination. For exam-
ple, it has been noted that the temperature
dependence of N,O5 uptake is weakly nega-
tive (47, 48). The similar activation energies for
interfacial hydrolysis and evaporation result
in both processes decreasing with tempera-
ture, though the larger energy of hydrolysis is
consistent with a negative temperature depen-
dence. Further, measurements of the reactive
uptake on ice particles are close to those for
liquid particles (49). The importance of surface
processes elucidated in our work clarifies this
coincidence, as diffusion into the bulk of the
solid is prohibitively slow, yet interfacial hy-
drolysis can still proceed. Finally, it is known
that uptake can be suppressed at high nitrate
concentrations (8). From additional simulations
with excess nitrate, we find that the stabiliza-
tion of N,O; in the presence of NO3™ results
from a weakened solvation structure of N,Os,
which makes it difficult for water to stabilize
nascent charge separation, suppressing the
hydrolysis rate (fig. S12). Such a mechanism of
suppression could be quite general and high-
lights the need for future research with more
complex solutions. Suppression of the hydrol-
ysis rate below 10° s™* should restore the ca-
nonical bulk reaction model. To move beyond
idealized compositions and conditions, we
imagine our framework can be incorporated
into existing reaction diffusion models where
molecular mechanisms and chemical data are
known. For example, the suppression of uptake
by surface-active organics can be incorporated
by parameterizing rates to accommodate,
reevaporate, and react with surface cover-
age. In cases where molecular mechanisms are
unknown, additional neural network-based
simulations can be used. For example, to un-
derstand the origin branching ratio to nitryl
halides (50), models capable of the Sy2 reac-
tion between Cl~ with N,Oj at the liquid-vapor
interface can be developed and studied.
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CORONAVIRUS

Plitidepsin has potent preclinical efficacy against
SARS-CoV-2 by targeting the host protein eEF1A

Kris M. White?*+, Romel Rosales"?*, Soner Yildiz?, Thomas Kehrer'?, Lisa Miorin'2,
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) viral proteins interact with the eukaryotic
translation machinery, and inhibitors of translation have potent antiviral effects. We found that the drug
plitidepsin (aplidin), which has limited clinical approval, possesses antiviral activity (90% inhibitory concentration
= 0.88 nM) that is more potent than remdesivir against SARS-CoV-2 in vitro by a factor of 27.5, with limited
toxicity in cell culture. Through the use of a drug-resistant mutant, we show that the antiviral activity of plitidepsin
against SARS-CoV-2 is mediated through inhibition of the known target eEF1A (eukaryotic translation elongation
factor 1A). We demonstrate the in vivo efficacy of plitidepsin treatment in two mouse models of SARS-CoV-2
infection with a reduction of viral replication in the lungs by two orders of magnitude using prophylactic treatment.
Our results indicate that plitidepsin is a promising therapeutic candidate for COVID-19.

ver the past 20 years, three novel corona-

viruses have been introduced into the

human population, causing substan-

tial morbidity and mortality. The severe

acute respiratory syndrome coronavirus
(SARS-CoV) and Middle East respiratory syn-
drome coronavirus (MERS-CoV) epidemics
were each limited in scope, but both are asso-
ciated with severe disease and high mortality
rates (I-3). The ongoing COVID-19 pandemic
caused by the SARS-CoV-2 virus is the result
of a zoonotic transmission event, similar to
previous coronavirus epidemics (4-7). Recent
studies have detected many SARS-like and
MERS-like coronaviruses in natural bat reser-
voirs and have shown them to be capable of
replication in human lung cells in vitro (8-10).
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This suggests the presence of a large reservoir
of coronaviruses with pandemic potential.
Antiviral therapeutics are urgently needed to
combat SARS-CoV-2 in the current pandemic
and will be the first line of defense for the fu-
ture coronavirus epidemics that appear more
likely as the human population expands in
close contact with animal reservoirs.
COVID-19 is a viral-induced inflammatory
disease of the airways and lungs with multi-
organ involvement that can cause severe
respiratory and systemic issues. SARS-CoV-2
replication in the lungs leads to inflammatory,
innate, and adaptive immune responses that
cause substantial host tissue damage (3, I1).
COVID-19 can lead to end-stage lung disease
and systemic involvement with currently lim-
ited treatment options and poor prognoses.
The current standards of care include oxygen
therapy and ventilation, along with the anti-
viral remdesivir and the anti-inflammatory
dexamethasone. Remdesivir (72, 13) and dexa-
methasone (14) have each improved patient
outcomes in clinical trials and have been
approved for emergency use by regulatory
agencies, but remdesivir in particular has
shown limited efficacy (15) and dexametha-
sone is a steroid that does not directly inhibit
viral replication. This leaves a continued need
for the development or repurposing of anti-
viral drugs for the treatment of COVID-19.
Our previously published SARS-CoV-2 (16)
and pan-coronaviral (I7) interactomes high-
lighted 332 host proteins that are likely to
play a role in the viral life cycle of SARS-CoV-2.
In that work we tested 47 existing drugs that
were known to modulate these identified host
proteins, with many of these drugs showing
substantial antiviral activity against SARS-
CoV-2 in cell culture (16). Of the inhibitors

tested, those that targeted the eukaryotic
translation machinery (eIF4H interacts with
SARS-CoV-2 Nsp9) demonstrated particularly
potent antiviral activities. Zotatafin (18), an
inhibitor of eIF4A (a partner of eIF4H), had a
90% inhibitory concentration (ICq) of 154 nM,
and ternatin-4 (19), an inhibitor of eEF1A that
has potential interactions with multiple corona-
virus proteins (17), had an I1Cq, of 15 nM against
SARS-CoV-2 in Vero E6 cells (16).

Plitidepsin is a potent inhibitor of SARS-CoV-2
in vitro
In an effort to further explore the therapeutic
potential of host eEF1A as a target for the
treatment of COVID-19, we evaluated the eEF1A
inhibitor plitidepsin (aplidin), which has lim-
ited clinical approval for the treatment of multi-
ple myeloma. Plitidepsin has also successfully
undergone a phase I/II clinical study for the
treatment of COVID-19 (20, 21) by the pharma-
ceutical company PharmaMar and is moving
forward into a phase II/III COVID-19 study.
We first tested plitidepsin inhibition of SARS-
CoV-2 replication using an immunofluorescence-
based antiviral screening assay in Vero E6 cells
(22). Plitidepsin inhibited SARS-CoV-2 with an
1Cyp 0f 1.76 nM (Fig. 1B), which was 9 times as
potent as ternatin-4 and 87.5 times as potent
as zotatafin in the same assay (16). We next
tested plitidepsin in the same antiviral assay
using a human cell line (hACE2-293T). The
anti-SARS-CoV-2 activity of plitidepsin was
even more potent in human cells, with an ICqq
of 0.88 nM (Fig. 1D), which is more potent
than remdesivir tested in the same cell line
by a factor of 27.5 (Fig. 1C). The cytotoxicity
of plitidepsin was examined in parallel with
antiviral activity; at all concentrations in both
cell types, we observed a cytostatic impact on
cell proliferation (Fig. 1, B and D). We had
previously found the lack of a dose-response
curve in our cytotoxic assay to be suggestive
of a cytostatic, rather than cytotoxic, effect
on cells, but further work is required to con-
firm this hypothesis. Finally, we tested the
antiviral effect of plitidepsin in an established
model of human pneumocyte-like cells (23, 24,).
We found that treatment with plitidepsin in-
hibited SARS-CoV-2 replication (Fig. 1E) with
an ICy, of 3.14 nM and a selectivity index of
404, which suggests that plitidepsin has potent
antiviral activity in primary human lung cells.
In an effort to better understand the mech-
anism of action through which plitidepsin in-
hibits SARS-CoV-2 infection, we performed a
time-of-addition assay in which plitidepsin or
remdesivir was added to hACE2-293T cells at
-2, 0, +2, or +4 hours relative to infection. In
this 8-hour single-cycle infection, we found
that 20 nM plitidepsin strongly inhibited nu-
cleocapsid protein expression even when added
4 hours after infection (Fig. 1F). This is indica-
tive of a cytoplasmic replication-stage inhibitor,
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Fig. 1. Plitidepsin exhibits a strong antiviral activity in SARS-CoV-2 multiple
cell lines. (A to E) Vero E6 cells [(A) and (B)], hACE2-293T cells [(C) and (D)],

or pneumocyte-like cells (E) were treated with indicated doses of remdesivir [(A) and
(C)] or plitidepsin [(B), (D), and (E)]. ICsp, ICq0, 50% cytotoxic concentration (CCsp),
and CCyg values are indicated above the curves. All cells were pretreated for 2 hours

which is consistent with the predicted antiviral
mechanism of a known translation inhibitor.
Remdesivir is part of the current standard of
care for the treatment of COVID-19 (25, 26).
‘We therefore assessed the dynamics between the
antiviral effects of plitidepsin and remdesivir
when used together in vitro. Our analysis
using the Synergyfinder (27) software suggests
that plitidepsin has an additive effect with
remdesivir (fig. S2) and would be a potential
candidate to be considered in a combined
therapy with the current standard of care.

Plitidepsin antiviral activity against SARS-CoV-2
is mediated through the inhibition of eEF1A

Plitidepsin inhibits the activity of the host
factor eEFIA and is predicted to interact with
the same binding site as didemnin B, which
is structurally related to plitidepsin, and the
structurally unrelated ternatin-4. Exogenous
overexpression of an Ala®**® — Val (A399V)
mutant of eEF1A confers resistance in cancer
cells to both didemnin B (28) and ternatin-4
(29) inhibition, and we predicted that it may
similarly affect plitidepsin. We examined
whether this A399V mutation could mitigate
the observed anti-SARS-CoV-2 activity of
plitidepsin. First, we transiently cotransfected
293T cells with expression plasmids for hACE2
and either wild-type eEF1A (eEF1A-WT) or
eEF1A-A399V, which were confirmed to be
expressed in ~30% of cells by means of immuno-
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fluorescent staining for the Flag epitope
(fig. S1). We then measured the antiviral ac-
tivity of plitidepsin against SARS-CoV-2 in
these transfected 293T cells. Transfection with
eEF1A-A399V, but not eEF1A-WT, increased the
1Cy of plitidepsin by a factor of >10 (Fig. 2A).
No impact from the A399V mutant transfec-
tion was observed upon plitidepsin inhibition
of cell proliferation (Fig. 2D), consistent with
observations of ternatin-4 (29). The differential
effect of eEF1A-A399V transient transfection
between the antiviral and antiproliferative
impact of plitidepsin is consistent with previous
findings that coronaviruses are considerably
more sensitive to translation perturbations
than the host cell (30, 31). We then generated
an eEF1A-A399V CRISPR knock-in 293T cell
line (293T-A399V) to further evaluate the role
of eEF1A inhibition in the antiviral activity of
plitidepsin. We found that this 293T-A399V
cell line was refractory to the SARS-CoV-2 anti-
viral activity of plitidepsin by a factor of >12 as
compared to the parental cell line (Fig. 2B) but
did not have a similar impact on remdesivir
inhibition (Fig. 2C). Furthermore, we found
that plitidepsin antiviral activity could be
almost fully restored through transient trans-
fection of the 293T-A399V cells with wild-type,
but not mutant, eEF1A (Fig. 2B). This 293T-
A399V cell line was also resistant to the anti-
proliferative activity of plitidepsin, and this
could only be partially rescued by transfec-
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and the drugs were maintained in the media throughout the experiment. SARS-CoV-2
infection and cell viability were measured at 48 hours. (F) The antiviral activities of
plitidepsin and remdesivir were evaluated in pretreatment and post-infection time
points in hACE2-293T cells. In all panels, data are means + SD of three independent
experiments performed in biological triplicate. DMSO, dimethyl sulfoxide.

tion of the wild-type protein (Fig. 2E), again
similar to previous results with ternatin-4: (29).
Furthermore, small interfering RNA (siRNA)
silencing of eEF1A protein expression during
SARS-CoV-2 infection led to a large reduction
in viral N protein levels but had no impact on
the GAPDH control (Fig. 2F). Taken together,
this evidence indicates that the antiviral activity
of plitidepsin is mediated through eEFIA in-
hibition and confirms eEF1A as a druggable tar-
get for the inhibition of SARS-CoV-2 replication.

We next explored the impact of plitidepsin
treatment on viral RNA and protein produc-
tion over the course of SARS-CoV-2 infection.
We analyzed the SARS-CoV-2 genomic and
N subgenomic RNA content of Vero E6 cells
infected with SARS-CoV-2 at a multiplicity of
infection (MOI) of 1 at 4, 8, 12, and 24 hours
after infection in the presence or absence of
equivalent inhibitory doses of plitidepsin or
remdesivir. We found that plitidepsin signif-
icantly reduced genomic RNA content at 8 and
12 hours after infection and fell just short of
significance at the 24-hour time point, similar
to remdesivir treatment (Fig. 3A). Interestingly,
plitidepsin had a much greater impact on
the accumulation of the N subgenomic RNA.
Plitidepsin greatly reduced the subgenomic RNA
expression as early as 4 hours after infection
and maintained a significant impact through-
out the time course (Fig. 3B). Remdesivir had
no effect on N subgenomic RNA at 4 hours, but
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to plitidepsin inhibition, whereas the presence of the eEF1A A399V mutation rendered the SARS-CoV-2 infection resistant to the eEF1A inhibitor. Remdesivir

inhibition of SARS-CoV-2 viral replication was not affected by the A399V mutation. (D and E) Plitidepsin inhibition of cell proliferation, as measured by (4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay, is not affected by transfection of the A399V mutant (D) but is reduced by the 293T-A399V CRISPR cell line (E). (F) siRNA silencing
of eEF1A greatly reduces N protein levels. In all panels, data are means + SD of three independent experiments performed in biological triplicate. ****P < 0.0001.

did show a reduction at all other time points
tested. We then measured the viral N protein
levels in the presence and absence of plitidepsin
or remdesivir treatment. Similar to RNA levels,
plitidepsin had a more potent and sustained
inhibition of the expression the N protein
over the time course of infection relative to
remdesivir (Fig. 3, C and D). This specific
inhibition of N subgenomic RNA expression,
particularly early in infection, is likely a re-
sult of the inhibition of viral translation by
plitidepsin. It was previously shown that corona-
viruses are highly sensitive to translation inhib-
itors (30, 31) and that negative-sense genome
accumulation is more greatly affected than
the positive sense (32). The current model of
coronavirus discontinuous transcription (33)
has been guided by evidence that subgenomic
RNA formation occurs during negative strand
synthesis (34). Therefore, a translation inhib-
itor that has a greater impact on negative-
sense RNA production would also be expected
to specifically reduce subgenomic RNA forma-
tion and accumulation, as we observed with
plitidepsin. Furthermore, consistent with an
impact of plitidepsin in protein translation,
N protein levels were more greatly reduced
in plitidepsin-treated cells than in remdesivir-
treated cells at 24 hours after infection, when
levels of N RNA were equivalent between these
two treatments.

Plitidepsin shows in vivo antiviral efficacy in
mouse models of SARS-CoV-2 infection

Plitidepsin has been clinically developed
for the treatment of multiple myeloma with a
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well-established safety profile and pharmaco-
Kkinetics (35-38). Initially, plitidepsin underwent
alarge clinical development program in which
cancer patients were treated with plitidepsin
as a single agent in several phase I and II clin-
ical trials. Results gathered from these clinical
studies demonstrated that the probability of
having cardiac adverse events, a concern in
COVID-19 patients, was not significantly affected
by plitidepsin treatment (39-41), although these
events were found in other chemically related
compounds that display a different mechanism
of action (42, 43). It is worth highlighting that
plitidepsin had a good safety profile in a phase I
clinical trial (44), which administered a total of
11.4 mg spaced over 5 days of treatment. The
dose level used in the COVID-19 proof-of-
concept phase I study (21) had a maximum
total of 7.5 mg spaced over 3 days.

On the basis of these clinical safety data and
good pharmacokinetics (fig. S3A), we deter-
mined that a concentration of plitidepsin an
order of magnitude greater than the demon-
strated in vitro ICyq could be safely achieved
in the lungs of mice using a single daily dose.
Therefore, we tested the in vivo efficacy of
plitidepsin in two different established ani-
mal models of SARS-CoV-2 infection. First, we
used a human ACE2-expressing adenovirus
to transduce the naturally resistant wild-type
BALB/c mice and sensitize them to SARS-CoV-2
infection (Fig. 4A) (45). Five days after adeno-
virus transduction, mice were infected with
1 x 10* plaque-forming units (pfu) of SARS-
CoV-2. As a proof-of-principle experiment, we
performed prophylactic dosing with 0.3 mg/kg

or 1 mg/kg plitidepsin 2 hours before infec-
tion with SARS-CoV-2. The 0.3 mg/kg group
received continued dosing once per day for
2 more days, whereas the 1 mg/kg group re-
ceived only that single dose (Fig. 4B). SARS-
CoV-2 lung titers were quantified from two
independent experiments for the plitidepsin
groups and compared to vehicle and remdesivir
controls (Fig. 4C). There was a reduction of
nearly 2 log units in SARS-CoV-2 viral titers
in the lungs of the 0.3 mg/kg plitidepsin group
relative to the vehicle control group, whereas
there was a reduction of 1.5 log units observed
from the single dose of 1 mg/kg plitidepsin.
Note that we used a very high concentration
of remdesivir in these assays (50 mg/kg) be-
cause of the known high concentration of
esterases present in mouse serum that de-
grade remdesivir (46).

We then performed a study in the K18-hACE2
mouse model (Fig. 5A), which supports a
robust SARS-CoV-2 infection (45, 47), in which
the 0.3 mg/kg dosage of plitidepsin was as-
sessed for ability to reduce viral titers and
inflammation in the lung. K18-hACE2 mice
were treated with one daily dose of plitidepsin
for 3 days starting 2 hours before infection
with SARS-CoV-2 (Fig. 5B). We found a re-
duction of 2 log units in viral lung titers at
day 3, similar to two daily 50 mg/kg doses of
remdesivir (Fig. 5C). Histopathology analy-
sis (Fig. 5D) also showed a reduction of lung
inflammation in plitidepsin-treated mice (histo-
pathology score of 1/16) over vehicle-treated
(histopathology score of 5.4/16) and remdesivir-
treated (histopathology score of 2.3/16) mice
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at day 3 after infection (Fig. 5E). There was no
peribronchiolar inflammation noted in the
plitidepsin-treated group. Taken together, these
experiments show that plitidepsin treatment
can reduce the replication of SARS-CoV-2 by two
orders of magnitude and reduce lung inflam-
mation in vivo, and has compelling potential for
clinical efficacy for the treatment of COVID-19.

Discussion

The ongoing SARS-CoV-2 pandemic has
created the immediate need for antiviral ther-
apeutics that can be moved into the clinic
within months rather than years. This led
us to screen clinically approved drugs with
established bioavailability, pharmacokinetics,
and safety profiles. Our previous study of the
SARS-CoV-2 interactome (I16) led us to eEF1A
as a druggable target with the potential for
potent inhibition of SARS-CoV-2 in vitro.
eEF1A has been previously described to be
an important host factor for the replication
of many viral pathogens (48-50), including
influenza virus (57) and respiratory syncytial
virus (52). Specifically, it has been found to
be involved in transmissible gastroenteritis
coronavirus replication (53) and was detected
in SARS-CoV virions (54). Therefore, inhibi-
tion of eEF1A as a strategy for the treatment
of viral infection may extend to other human
coronaviruses and beyond to unrelated viral
pathogens. This potential for broad-spectrum
antiviral activity makes plitidepsin an intriguing
candidate for further exploration as a treatment
for viral infections with no clinically approved
therapeutics. It is also important to note that
a host-targeted antiviral such as plitidepsin
offers protection from naturally occurring viral
mutants, to which viral-targeted therapeutics
and vaccines are more susceptible. In fact,
plitidepsin was found to maintain nanomolar
potency against the B.1.1.7 variant (55) recently
discovered in the United Kingdom (56, 57).

In our animal experiments, we did detect
a slight body weight loss of mice that were
treated with plitidepsin daily, whereas mice
that received a single 1 mg/kg dose did not
lose any weight while still exhibiting reduc-
tions in viral lung titers (fig. S3B). It is unclear
whether this observed toxicity is mouse-specific,
and although toxicity is a concern with any
host-targeted antiviral, the safety profile of
plitidepsin is well established in humans. Fur-
thermore, the dose of plitidepsin being used in
an ongoing COVID-19 clinical trial is substan-
tially lower than used in these experiments
and it has been well tolerated in patients with
minimal side effects. Interestingly, the most
well-established and effective steroid for the
treatment of COVID-19, dexamethasone (14),
is also a commonly used treatment for multi-
ple myeloma (58). This has led to plitidepsin
already having an established safety profile
with concurrent dexamethasone treatment
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Fig. 5. Plitidepsin shows in vivo antiviral efficacy in the K18-hACE2 mouse
model. (A) Schematic of the K18-hACE2 model of SARS-CoV-2 infection. (B) Mice
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relative to vehicle and remdesivir controls. Virus titers were determined in whole lung
homogenates by TCID50 at day 3 after infection. Five mice were used in each
group, except for the remdesivir control, which had 3. *P < 0.05, **P < 0.01.

(59, 60) and should allow for clinicians to
treat with both drugs if warranted. This study
establishes plitidepsin as a host-targeted
anti-SARS-CoV-2 agent with in vivo efficacy.
Our data and the initial positive results from
PharmaMar’s clinical trial suggest that plitidep-
sin should be strongly considered for expanded
clinical trials for the treatment of COVID-19.
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GEOPHYSICS

Optical polarization-based seismic and water wave
sensing on transoceanic cables

Zhongwen Zhan'*, Mattia Cantono?, Valey Kamalov?, Antonio Mecozzi®, Rafael Miiller?,

Shuang Yin?, Jorge C. Castellanos!

Seafloor geophysical instrumentation is challenging to deploy and maintain but critical for studying
submarine earthquakes and Earth'’s interior. Emerging fiber-optic sensing technologies that can leverage
submarine telecommunication cables present an opportunity to fill the data gap. We successfully sensed
seismic and water waves over a 10,000-kilometer-long submarine cable connecting Los Angeles,
California, and Valparaiso, Chile, by monitoring the polarization of regular optical telecommunication
channels. We detected multiple moderate-to-large earthquakes along the cable in the 10-millihertz to
5-hertz band. We also recorded pressure signals from ocean swells in the primary microseism band,
implying the potential for tsunami sensing. Our method, because it does not require specialized
equipment, laser sources, or dedicated fibers, is highly scalable for converting global submarine cables
into continuous real-time earthquake and tsunami observatories.

he oceans present a major gap in
geophysical instrumentation, hindering
fundamental research on submarine
earthquakes and Earth’s interior struc-
ture as well as effective earthquake and
tsunami warning for offshore events. The
data gap motivates many technologies, such
as ocean-bottom seismic or pressure sensors,
cabled geophysical observatories (Z), autono-
mous vehicles (2), and floats with hydrophones
(3). Emerging fiber-optic sensing technologies
bring a different possible solution. Marra et al.
turned a 96-km-long submarine cable into a
sensitive seismic sensor using ultrastable laser
interferometry of a round-trip signal (4). An-
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other technology, distributed acoustic sensing
(DAS), interrogates intrinsic Rayleigh back-
scattering and converts tens of kilometers
of dedicated fiber into thousands of seismic
strainmeters on the seafloor (5-7). If a frac-
tion of the million-kilometer submarine fiber-
optic network could function as geophysical
sensors, we would have a large increase in data
coverage for large portions of the seafloor. Sites
of interest for geophysical interrogation, such
as the Hawaii or Iceland hotspots, and coastal
cities next to subduction zones are often key
nodes in telecommunication networks. The
abundant number of fibers around them,
if mobilized for geophysical research, could
provide critical data for assessing geohaz-
ards and investigating seafloor and ocean
processes.

Major obstacles exist on the path toward
global fiber-based geophysical networks on
the seafloor. Unlike their counterparts on
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land, submarine cables are extraordinarily
expensive to deploy, heavily used, and strictly
regulated. As the backbone of global internet
connectivity, long-haul submarine cables usu-
ally have surprisingly few fiber strands (~2 to
6 pairs). Therefore, unused strands of fiber
(called dark fibers), which are currently re-
quired for DAS, are rare. Furthermore, to take
full advantage of long transoceanic cables,
DAS needs to both function across frequent
repeaters and drastically increase its range
(which is currently ~50 km) (8). Techniques
that rely on sophisticated and expensive equip-
ment, such as ultrastable laser sources (4) or
repeaters with built-in geophysical sensors re-
quired specifically for geophysical sensing (9),
raise cost and security concerns depending
on the extent of equipment changes needed,
sensitivity of collected information, and data
policies. Additionally, the installation of sensing
equipment in facilities where telecommunica-
tions equipment sits can raise security concerns
with regard to eavesdropping and service dis-
ruption. These practical considerations make
large-scale incorporation into existing or future
submarine cables challenging.

We took a different approach and turned
the 10,000-km submarine cable “Curie” into
a geophysical instrument that detected both
earthquake shaking and ocean waves. The
Curie cable was deployed in 2019 by Google to
connect Los Angeles, California, and Valparaiso,
Chile, along the eastern edge of the Pacific
Ocean (Fig. 1 and fig. S1) (10). From north to
south, the cable crosses multiple faults off-
shore of southern California and then crosses
the Eastern Pacific Rise three times onto the
Cocos Plate. Most of the length of the cable

lies along the Central American and South
American subduction zones at ~400 km to
the ocean side of the trenches. Along the
open-ocean cable section, the water depth is
4000 m on average but can be as shallow as
2000 m near the oceanic ridges and plateau
and as deep as 6000 m when crossing the
trench near Valparaiso. Near this path, more
than 50 shallow earthquakes with a moment
magnitude (M) larger than 7.5 have occurred
since 1900 (Fig. 1, blue dots), 10 of which were
larger than M,8.0 and posed a substantial
threat of shaking and tsunami. Two events are
particularly notable: The 1960 Chilean M,,9.5
earthquake is the largest ever recorded (II),
and the 1985 Mexico City M,,8.0 earthquake
devastated the city (12).

‘We monitored the state of polarization (SOP)
of regular optical telecommunication traffic
through the Curie cable (fig. S2). The SOP can
be represented by the Stokes parameters and
visualized on the Poincaré sphere (13) (Fig. 2A).
Whereas the SOP of the transmit laser is stable
over a long time scale (e.g., days), the output
SOP at the receiver end is, in general, different
from the input SOP and changes over time
owing to various external perturbations to the
fiber (10, 14, 15). For terrestrial fibers, the out-
put SOP can be chaotic and hard to interpret
owing to substantial temperature variations
along cable and air flow or human-, animal-,
and/or traffic-induced vibrations when inte-
grated over the entire optical path. Extreme
SOP transients with up to 5 Mrad/s anomalies
were observed during lightning strikes (16).
However, by making orders-of-magnitude
more sensitive measurements, we found the
output SOP of the Curie transcontinental sub-

marine cables to be much more stable com-
pared with that of terrestrial cables, because
the absolute majority of the path is in the deep
ocean with almost constant temperature and
minimal mechanical or electromagnetic per-
turbations (Fig. 2B). Therefore, strong seismic
waves or long-period water waves produced
by earthquakes close to the Curie cable can
cause distinct and observable SOP anomalies
(Fig. 2C).

In modern fiber-optic systems, polarization
multiplexing is widely used to enhance the
data transmission rate (17). The signal SOP is
routinely recovered at the receivers to avoid
cross-talk and ensure correct reception of the
transmitted signals (18). This operation is
performed by an adaptive digital equalizer
implemented in application-specific integrated
circuits (ASICs) (19, 20). By accessing the
internal registers of the ASICs, we measured
SOP at sampling rates of tens of hertz on the
vast majority of commercially available optical
coherent transponders (10). Therefore, our
approach adds minimal burden to the instal-
lation and operation of the submarine cable
systems.

Because two of the three Stokes parameters
are independent given the unit length of the
normalized polarization vector, we rotated the
SOP measurements toward the north pole on
the Poincaré sphere over a 200-s moving-
window average (10). Effectively working
as a high-pass filter, the rotation operation
also helped reduce the effect of long-term
SOP drifts of unknown origin in our experi-
mental setup, potentially owing to temper-
ature variations and mechanical vibrations
over the short land sections of cable at both
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Fig. 1. Tectonics and earthquakes along the Curie cable. The Curie cable
(red curve) is a 10,000-km-long submarine fiber-optic cable connecting

Los Angeles (LA) and Valparaiso (VAP) along or across a series of active plate
boundaries (blue and orange barbed lines). More than 50 earthquakes with a
magnitude of >7.5 (blue dots) have occurred in this region since 1900. During
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our initial test period of SOP sensing (December 2019 to September 2020), we
detected ~20 moderate-to-large earthquakes (yellow stars labeled with date
and earthquake magnitude), most of which occurred in the Central and South
American subduction zones. JTS and SLBS (purple triangles) are coastal
seismic stations along the Curie cable.
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ends. After rotation (Fig. 2D), S1and S2 of the
Stokes parameters had values centered around
zero, allowing a more straightforward spectral
analysis.

During our test period from 15 December 2019
to 4 September 2020, the largest subduction
zone event along the Curie cable was the
23 June Oaxaca, Mexico, magnitude 7.4 (M7.4)
earthquake. The event was ~500 km to the
cable at the closest point (Fig. 1). The strong
SOP perturbations caused by the shaking
lasted more than 20 min (Fig. 3, A and B). In
comparison, the vertical-component shaking
recorded at the UNM (National Autonomous
University of Mexico) seismic station in Mexico
City, also ~500 km from the earthquake, lasted
~5 min. The signal durations differ because the
SOP measurements reflect the integrated effects
of shaking along thousands of kilometers
of cable over which the light polarization is
perturbed.

The integral effect of SOP along the cable
complicates our picking of the primary and
secondary (P and S) waves, especially for large
events, such as the Oaxaca M,,7.4 earthquake,
that also have long rupture durations. On
3 June 2020, we detected on SOP a M,6.8
intermediate-depth earthquake underneath
Peru, 200 km landward of the coast and 680 km
from the Curie cable. Because of the longer
distance and the short source durations of
intermediate-depth earthquakes (21), we were
able to identify clearly separated P and S wave
packages in the 0.8 to 3 Hz frequency band
(Fig. 3, D and F). Somewhat unexpectedly,
350 s after the earthquake origin time, an-
other package of strong but lower-frequency
(0.3 to 0.8 Hz) waves arrived at the Curie
cable (Fig. 3, E and F). Given the waves’ slow
average speed (~2 km/s) and the non-excitation
of short-period surface waves from the earth-
quake at 97 km depth (see fig. S4 for an ex-
ample of surface waves on SOP), we believe
that these late waves are either ocean acoustic
waves or Scholte waves converted from the
direct P and S waves near bathymetric features
(e.g., slopes, trench) (22, 23) and subseafloor
heterogeneities (e.g., fault zones) (7). The same
mechanism must have contributed to the long
SOP signal durations for shallow earthquakes
close to the trenches (e.g., Fig. 3A), in addi-
tion to the intrinsic integral effect of SOP
measurements, as discussed earlier.

For tsunami warning, a key application of
seafloor geophysics, the ability to detect water
waves is critical for confirming, adjusting, or
lifting the initial warnings on the basis of
the faster seismic waves (24). This process
is currently achieved by a sparse network of
~60 DART (Deep-ocean Assessment and Re-
porting of Tsunamis) buoys around the globe,
mostly along subduction zones. The high cost
of installing and maintaining DARTSs limits
sensor density. If tsunami waves could instead
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be detected along submarine cables, the broader
data coverage, higher sampling rate, and faster
telemetry could supplement current DART
systems to provide faster and more reliable
tsunami warnings (25). During our test period,
only the Oaxaca M,,74 earthquake produced
tsunami waves (~1 cm high in the open ocean),
which were not detected by our current SOP
measurement system. In this prototype, the
SOP noise is higher at long periods where we
expect the tsunami waves (fig. S5), potentially
because of temperature variations over the
7.7-km land section of cable (10). In a well-
controlled laboratory environment, the SOP
noise level is substantially lower than the field
observations over a broad frequency band,
between 0.01 and 10 Hz (Fig. 3C).

However, in the primary microseism fre-
quency band (~0.06 Hz), we observed multiple
packages of dispersive signals from ocean
swells, each of which lasted for a few days
(Fig. 4A). The timing of the wave packages
coincides well with the primary and secondary
microseism pairs observed at coastal seismic
stations located along the cable, as shown in
Fig. 4, B and C, for two representative stations,
SLBS (Sierra la Laguna Baja California Sur,
Mexico) and JTS (Las Juntas de Abangares,
Costa Rica) (station location shown in Fig. 1).
Microseism signals at coastal sites are related
to ocean swells produced by distant storms
(26). In particular, the double-frequency sec-
ondary microseism (i.e., the seismic waves
produced by wave-wave interactions) was not
observed on SOP. Therefore, we suggest that

the dispersive wave packages on SOP are caused
by seafloor pressure perturbations from ocean
swells in shallow water, not by the passing
seismic waves on the seafloor. The amplitudes
of ocean swells are comparable to those of
damaging tsunami waves observed in the open
ocean (e.g., on the order of 1 m for the 2004
Sumatra and 2011 Tohoku earthquakes) (27, 28).
Given the much longer period of tsunami waves
and therefore negligible decay as a function of
depth, the seafloor pressure signal of a tsunami
in the open ocean would be comparable or
stronger for detection on SOP than that of ocean
swells. The SOP detection of tsunami waves in
the open ocean is critical for effective tsunami
warning.

For estimating earthquake magnitudes and
forecasting tsunami wave heights, accurate
SOP amplitudes of the recorded seismic and
water waves are critical. Without colocated
ocean-bottom seismometers or pressure sen-
sors of similar sampling rates, calibrating
the SOP amplitudes in a broad frequency
band is challenging. However, we found that
the amplitudes of the ocean swell events on
SOP (Fig. 4A) correlate well with the strengths
of the secondary microseism events at coastal
seismic stations (Fig. 4, B and C) for ~30 dis-
tant storms throughout the testing period (fig.
S6). Correlations may exist for the primary
microseisms as well, but the data are noisy.
These observations suggest that the SOP am-
plitude scaling has been linear and robust at
least around 0.06 Hz over the 9-month ob-
servation period.
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PSD peak at ~0.06 Hz corresponds to ocean swells. The instrumental noise
measured in the laboratory environment is shown as the green curve. (D to
F) For a more impulsive M,,6.8 intermediate-depth earthquake on 3 June
2020, we observed distinct P and S wave packages on SOP between 0.8 and
3 Hz [(D) and (F)], and potentially ocean acoustic waves or Scholte waves at
slightly lower frequencies [(E) and (F)]. The vertical red lines in all panels
mark the earthquake origin time. The vertical blue and green lines in (A), (D),
and (E) are theoretical earthquake P and S wave arrival times, respectively, to
the closest point along the cable.

For the seismic waves, the SOP amplitude
response is broadband but not flat. For ex-
ample, the S1 and S2 polarization signals of
the Oaxaca M,,7.4 earthquake are above the
noise level between 0.01 and 1 Hz, but with
the strongest peak and prolonged signals be-
tween 0.15 and 0.35 Hz (Fig. 3, B and C). The
SOP earthquake signals were consistently
stronger or only visible in the 0.15- to 0.35-Hz
band for the nine events detected along the
Central American cable section (Fig. 1), which
allows us to explore amplitude scaling there.
We found that the earthquakes’ average SOP
power spectral densities in the 0.15- to 0.35-Hz
band showed an overall positive correlation
with the predicted peak ground displacement
in the same band, but with still unclear quanti-
tative relations (fig. S7). We observed even
more broadband SOP signals from 0.01 to
5 Hz for the 1 September M,,6.8 earthquake
offshore of Vallenar, Chile (figs. S8 and S9),
but with the strongest energy between 0.3 and
1.5 Hz instead. Given the consistent compo-

934 26 FEBRUARY 2021 « VOL 371 ISSUE 6532

nents (e.g., cable, repeaters) and installation
method along the Curie cable, the differences
in the frequency peaks between the Mexico
and Chile sections may indicate effects from
water depths and site conditions. However,
the consistent low-frequency sensitivity around
0.01 Hz is critical to estimating the moment
magnitudes of large tsunamigenic earthquakes
(29). Determining the dynamic range of SOP
measurements and whether the cable-seafloor
coupling plays an important role requires fur-
ther observations.

Like the ultrastable laser interferometry
approach (4), the SOP-based sensing integrates
the mechanical perturbations over the entire
optical path to produce a single SOP time series
per channel. The source locations cannot be
uniquely determined from a single channel.
However, because the SOP approach is highly
scalable with minimal modifications to exist-
ing cable systems, we expect to be able to use
multiple lit cables with different paths in a
given region. Once the SOP timings of the

different cables are synchronized (10), their
seismic travel times could be combined to
locate sources (4). For tsunami warning, the
current seismic systems usually produce ade-
quate origin times and locations promptly
(25). The SOP measurements could then be
jointly interpreted with the seismic and DART
data to constrain earthquake magnitudes and
refine tsunami forecasts. Furthermore, a suite
of geophysical sensing techniques based on
submarine telecommunication cables are
emerging, with different levels of sensitivity,
coverage, spatial resolution, and scalability
(4-9). Strategic combinations of the different
sensing techniques (including conventional
geophysical networks) are necessary to provide
the broadest coverage of the seafloor while
making high-fidelity, physically interpret-
able measurements (e.g., locations, depth,
and magnitudes).

To our knowledge, our experiment is the
first direct demonstration that transconti-
nental submarine cables can be used for
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Fig. 4. SOP detection of ocean swells. (A) SOP spectrogram from 1 June 2020
to 12 July 2020. The dispersive energy packages around 0.06 Hz, in the
primary microseism band, correlate well with similarly dispersive events on
the relative spectrograms of coastal station (B) SLBS and (C) JTS (with

environmental monitoring through sensing
capabilities, in particular earthquake and
ocean wave detections. The coherent subsea
cable SOP detection technique showed the
sensitivity level of an optical polarization inter-
ferometer (30). We find it remarkable that by
monitoring the SOP of regular optical tele-
communication channels via routine equip-
ment, we detected vibrations with peak
displacement as small as 0.1 mm (fig. S7) over
a 10,000-km submarine cable, or 20,000 km
in the round-trip channels (Fig. 1 and fig. S2).
The fraction of a wavelength change in the
optical path of two orthogonal polarizations
implies a high relative phase to polarization
stability resulting in relative optical path var-
iation better than 10™** Substantial room exists
to improve the SOP system. For example, the
number of SOP channels in a single undersea
cable can be the same as the number of
telecommunication channels, on the order
of hundreds with multiple frequencies per
fiber strand (fig. S2). We expect to improve
the SOP signal-to-noise ratio by combining
these independent SOP measurements from
multiple transponders operating on the same
cable (fig. S10). Reduction of SOP noise level
at high frequencies (1 to 10 Hz) would allow
detection of small earthquakes that might not
be detectable on terrestrial seismic networks
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far away, and at low frequencies (<0.01 Hz)
would enable accurate magnitude estimation
for large earthquakes and direct observation
of tsunami waves. With appropriate timing
mechanisms (10), the SOP system would be
able to sense strong seismic or ocean waves
anywhere along a 10,000-km path within 30 ms
of the first wave arrivals at a submarine cable,
substantially faster than the closest land-based
stations in many cases (e.g., fig. S11).
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CHEMICAL DYNAMICS

Quantum interference between spin-orbit split partial
waves in the F + HD — HF + D reaction

Wentao Chen'*, Ransheng Wang?*, Daofu Yuan'*, Hailin Zhao?, Chang Luo’, Yuxin Tan, Shihao L#,
Dong H. Zhang?, Xingan Wang'{, Zhigang Sun?t, Xueming Yang?3+

The effect of electron spin-orbit interactions on chemical reaction dynamics has been a topic of much
research interest. Here we report a combined experimental and theoretical study on the effect of
electron spin and orbital angular momentum in the F + HD — HF + D reaction. Using a high-resolution
imaging technique, we observed a peculiar horseshoe-shaped pattern in the product rotational-state-
resolved differential cross sections around the forward-scattering direction. The unusual dynamics
pattern could only be explained properly by highly accurate quantum dynamics theory when full spin-
orbit characteristics were considered. Theoretical analysis revealed that the horseshoe pattern was
largely the result of quantum interference between spin-orbit split—partial-wave resonances with positive
and negative parities, providing a distinctive example of how spin-orbit interaction can effectively

influence reaction dynamics.

he discovery of electron spin by

Uhlenbeck and Goudsmit in 1925 was

a major breakthrough in understanding

the fundamental properties of electrons

and quantum systems involving electrons
(I). Tt is well established that the couplings
between electron spin with orbital angular
momentum are ubiquitous in atomic, molec-
ular, and material systems and could result in
many notable phenomena, such as the splitting
and shifting of atomic energy levels (2), mag-
netocrystalline anisotropy (3), and the quan-
tum spin Hall effect in semiconductors (4).
Electron spin has also been investigated for
technological applications such as the devel-
opment of electronic devices for logic opera-
tions; i.e., spintronics (5, 6).

In atomic systems, the inclusion of the
coupling of electron spin (s) and orbital an-
gular momenta (1) could lead to pronounced
splitting in energy. In molecular systems, how-
ever, the situations are more complicated and
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subtle because couplings between electron spin,
electron orbital angular momentum, and rota-
tional angular momentum (j) and orbital angu-
lar momentum (L) of nuclei motions are all
possible. For example, in diatomic systems,
couplings between electron spin, electron or-
bital angular momentum, and nuclei rotational
angular momentum can cause fine structures,
such as spin-orbit splitting and lambda doubling,
in rotational states (7, 8).

In atomic and molecular collision processes,
the inclusion of the coupling of electron spin
and orbital angular momentum could also
have a notable effect. For inelastic collisions
such as that of NO(X?IT) with Ar, recent ex-
perimental studies have shown that differen-
tial cross sections depend sensitively on the
change in total parity (9), suggesting that dif-
ferent spin-orbit states experience different
potential interactions.

In chemical reactions involving species with
unpaired electron spins with orbital angular
momentum, there are at least two spin-orbit
states in the low-energy range: For halogen
atoms such as F and Cl, these are *P;/, and *Py 5.
The relative reactivity of these two spin-orbit
states with H, has been a notable research
topic (10-15). Owing to the breakdown of the
Born-Oppenheimer approximation, which is
caused mainly by the electrostatic spin-orbit
coupling (SOC) between different electronic
states, the excited state (ZPI/Z) was more re-

active than the ground state (2P3/2) at low
collision energy. Attention has also been de-
voted to chemical reactions with lambda-
doublet products (16, 17).

In addition to the electrostatic SOC be-
tween different electronic states, couplings
could also occur between electron spin and
the angular momentum of nuclei orbital mo-
tions in chemical reactions, which leads to
the splitting of partial waves, resulting in
“fine” structures of the partial waves, simi-
lar to the fine structures in the spectra of
the diatomic molecules. Yet how or whether
the inclusion of the partial-wave splitting in
a chemical reaction can affect the dynamics
remains largely unknown.

The F + H, — HF + H reaction is the most
notable benchmark system for the study of
quantum reaction resonances, which has at-
tracted substantial attention over the past few
decades. Reactive resonances were first pre-
dicted theoretically in 1973 for the F + H,
reaction by using a colinear reaction model
(18, 19). In 1984, a landmark crossed-molecular-
beam experiment was performed on the F + H,
reaction by Lee and co-workers, in which a
peculiar forward-scattering peak for product
HF(v' = 3) was observed and attributed to
reactive resonances (20). However, the dy-
namical origin of the forward-scattering peak
remained unclarified (21, 22). In 2000, a
steplike structure in the excitation function
in the F + HD — HF + D reaction was ob-
served by Liu and co-workers and was at-
tributed to a quantum reactive resonance
(23). Over the past two decades, the F + H,
and F + HD reactions have been extensively
investigated using the high-resolution crossed-
beams Rydberg H-tagging technique (24-28)
and the negative-ion photodetachment spec-
troscopic method (29, 30), in association with
accurate quantum dynamics calculations, and
an accurate picture for reaction resonances in
this benchmark system was established (31).
The results of the molecular-crossed-beams
experiment and the negative ion (FH, ") photo-
detachment study on the cold reaction reso-
nance in the F + H, reaction were also found to
be consistent (28). In all of these studies, the
resonance signatures observed in the exper-
imental results can be quite accurately ac-
counted for by using the adiabatic theory
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without considering spin-orbit effects in these
systems. Electron spin and orbital motions
in these systems seemingly do not have a
substantial effect on the dynamics of this
resonance-mediated reaction, which occurs
mostly in the adiabatic ground electronic
state.

In this work, we have combined experimen-
tal and theoretical studies of the F(*P; /2) +
HD — HF + D reaction at a collision energy
of 2.10 kcal/mol, where the partial-wave
resonances are substantial (32), to investi-
gate the role of partial-wave splitting in the
reaction by full consideration of the elec-
tron spin and orbit effects. Experimentally,
we used a newly developed high-resolution
velocity map imaging crossed-beams technique
(33-35), in combination with near-threshold
ionization of the D-atom product, to achieve
the highest possible angular and translational
energy resolution. This technique allowed us to
accurately determine quantum-state-resolved
angular distributions, which often carry the
most detailed quantum dynamics information
in chemical reactions. For example, this meth-
od has enabled detection of the geometric
phase effect in the H + HD — H, + D reaction
(35). Theoretically, we performed the state-to-
state time-dependent quantum wave-packet
calculations using an adiabatic model and a
full spin-orbit-coupled model, which included
all angular momentum couplings between
electronic spin, electron orbital angular mo-
mentum, and nuclear orbital angular momen-
tum in this reaction. The model was initially
developed by Alexander and co-workers
(11, 12, 36). Our results conclusively show that
the inclusion of fine structures of partial waves
has a notable effect on the dynamics of this
resonance-mediated F(2P3/2) +HD —- HF + D
reaction.

Here we briefly describe our experimental
procedures (see the supplementary materials
for details; a schematic diagram of the ex-
perimental setup is provided in fig. S1). The F-
atom beam was generated by discharge in the
supersonic expansion of a gas mixture of 5%
F, in helium through a pulsed valve (General
Valve) with a stagnation pressure of 6 bar.
The velocity (v) of the generated F-atom beam
was determined to be 1.40 km/s with a speed
ratio (v/Av) of 15. To improve the beam quality,
the electrode plates in the discharge area were
cooled by liquid nitrogen. The HD molecular
beam was produced by expanding the HD
sample (97% purity) via a liquid nitrogen-
cooled pulsed nozzle (Even-Lavie valve) with
a stagnation pressure of 13 bar. The velocity of
the HD molecular beam was 1.24 km/s with a
speed ratio (v/Av) of 30. Using the cryogenic
expansion, we found that ~97% of the HD
molecules in the HD molecular beam popu-
lated the (v = 0, 7 = 0) ground level. Both the
pulsed F-atom beam and the HD molecular beam
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Fig. 1. The D-atom product from the F + HD — HF + D reaction at a collision energy of 2.10 kcal/mol.
(A) Experimental results; (B) theoretical results. The crossing angle of the two beams is 160° 6 = 0° and
180° denote the forward- and the backward-scattering direction, respectively, for the HF coproduct in

the center-of-mass frame relative to the F-atom beam direction. A peculiar horseshoe-like feature in the
forward-scattering direction can be clearly seen in the scattering pattern.

were collimated by double skimmers before
entering the scattering chamber; the two
beams were crossed in the reaction chamber
with a 160° crossing angle. The collision en-
ergy of the current experiment was 2.10 kcal/
mol, with an energy spread of 0.1 kcal/mol.
The D-atom products from the F + HD — HF +
D reaction in the beam-crossing region were
detected by a two-color (1 + 1) (vacuum ultra-
violet + ultraviolet) threshold ionization meth-
od (fig. S2). In the experiment, the reaction
dominantly occurred from the spin-orbit ground
state F(Ps/,).

By means of the experimental method de-
scribed above, the D-atom product velocity
map image from the F(°P55) + HD — HF + D
reaction at a collision energy of 2.10 kcal/mol
(Fig. 1A) was obtained by accumulating the

signals over 2.4 million laser pulses. Using the
velocity map imaging technique with near-
threshold ionization, we were able to clearly
resolve the rotational states of HF(v', j'). There
are two main ring structures that correspond
to the HF products in the ¢v' = 2 and 3 vi-
brational states: The inner ring structure is
due to the HF(v' = 3) state product, and the
well-resolved outer rings can all be assigned to
individual rotational levels of the HF(v' = 2, ")
product. Although the HF(v' = 3) product was
predominantly forward scattered, the HF(v' =
2) products were mainly backward scattered
but with substantial forward and sideways
scatterings. Notably, a peculiar horseshoe-
shaped structure in the image was clearly
detected in the forward-scattering direction.
This structure arose from peaked angular

26 FEBRUARY 2021 « VOL 371 ISSUE 6532 937



RESEARCH |

REPORTS

distributions of HF(¢v' = 2) products in different
7' states in the forward-scattering hemisphere.
However, the mechanism that causes this
distinctive feature in the angular distribution
is not immediately clear.

From the high-resolution D-atom product
image in Fig. 1A, the differential cross section

2.01

DCS (arb. units)

1.24

DCS (arb. units)
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-40

0.8

(DCS) for the HF product at different ro-
vibrational states can be determined. For the
forward-scattering direction, the rotational
states of the HF(v' = 2) product were clearly
resolved, which allowed us to extract the
rotational-state-resolved DCS with high accu-
racy. The experimental angular distributions

—o— Exp h
Theory w/o SO

—o— Exp

R Theory w/ SO

40 -30 20 -0 0 10 20 30 40

CM Scattering Angle (degrees)

30 20 -0 0
CM Scattering Angle (degrees)

10 20 30 40

Cj

—Oo—Exp
Theory w/o SO

=5

1Dj=5

—O0— Exp

Theory w/ SO

30 -20

{070
CM Scattering Angle (degrees)

30 -20

{070
CM Scattering Angle (degrees)

10 20 30 40

Fig. 2. Comparisons of the experimental and theoretical DCSs around the forward-scattering direc-
tion for the F + HD — HF(v' = 2, j' = 3 and 5) + D reaction at a collision energy of 2.10 kcal/mol.
(A to D) The theoretical results shown with red lines are from the adiabatic model with a structureless
F atom, whereas those shown with green lines are from the model that includes full spin-orbit effects.
Exp, experiment; CM, center of mass.
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Fig. 3. Calculated opacity function for the HF(v' = 2, j' = 3) product channel from the F + HD — HF + D
reaction. In the adiabatic model (blue) and the full open-shell model (red), the calculated opacity function
shows two different contributions: a direct reaction mechanism and a resonance-mediated reaction
mechanism. In the adiabatic model, a single J partial wave is responsible for the resonance mechanism,
whereas in the full open-shell model, four J partial waves contribute to the resonance mechanism.
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obtained for HF(v' = 2) in the 7/ = 3 and 5
rotational states from Fig. 1A are shown in
Fig. 2. The angular distributions for other
rotational states of HF(v' = 2) are plotted in
fig. S4. Angular distributions for different j’
states were all peaked at angles off of the
exact center-of-mass forward-scattering di-
rection (6 = 0°), with a double-peak struc-
ture in the full DCS. The horseshoe structure
in the image was due to the double-peak
structure in the DCS for different rotational
states of HF(¢v' = 2) in the forward-scattering
direction (Fig. 2 and fig. S4), with increased
spacing as the rotational quantum number
J' increased.

To understand the dynamical origin of the
horseshoe pattern in the DCS shown in Fig.
1A, we carried out theoretical investigations
using different models with the time-dependent
quantum reactive scattering theory. We first
performed adiabatic dynamics calculations on
the single potential energy surface of the lowest
adiabatic electronic state (28, 37). In this adia-
batic model, the F atom was regarded as a
structureless atom, whose electron spin (s) and
electron orbital angular momentum (1) were
neglected; only rotational quantum number
(§) and orbital angular momentum of nuclei
motions (L) were taken into consideration.
Thus, the splitting of the partial waves did
not arise. The recently developed interaction-
asymptotic region decomposition method was
applied to extract state-to-state reactive scatter-
ing information (38).

Using the adiabatic model, we calculated
the opacity function for the HF(v' = 2, j' = 3)
product channel (Fig. 3; blue curve with squares).
The plot shows that two components—a
main broad peak from J = 0 to 17 partial
waves and a sharp peak at J = 18 partial
waves—contributed to this product channel.
Theoretical analysis indicated that the sharp
peak at J = 18 was due to a reactive reso-
nance via a single partial wave of J = 18, and
the main broad peak was due to the direct
reaction mechanism. The J = 18 partial-wave
resonance was identified as the rotationally
excited state of the quasi-bound (003) reso-
nance, trapped in the HF(v' = 3)-D vibra-
tional adiabatic potential well (Fig. 4) (24).
At J = 18, the excited resonance state, (103),
did not exist anymore, and the ground reso-
nance state, (003), was supported by a cen-
trifugal barrier. Therefore, the resonance at .J =
18 is a Feshbach resonance for the HF(v' = 2)
channel and a shape resonance for the HF(v' = 3)
channel (39). Theoretical results also showed
that the J = 18 single partial-wave resonance
was mostly responsible for the forward-
scattering products in this reaction, and the
direct reaction component was largely back-
ward scattered (fig. S5).

We further computed the state-specific DCSs
using the adiabatic model for HF(v' = 2, j') in
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the forward-scattering direction. The calcu- HF(3H1)+D
lated adiabatic DCSs for HF(v' = 2,5’ = 3 and F.
5) are shown in Fig. 2, A and C, respectively, e HF(3H2)+D
for comparison with the experimental results. i3 Full Open Shell

The adiabatic DCSs for other rotational states
of HF(v' = 2, ") are plotted in fig. S4, A, C, and
E. For better comparison with the experi-
ment, all of the calculated DCSs in Fig. 2 and
fig. S4 have been convoluted with an esti-
mated experimental angular resolution of 4°.
No convolution was performed for the DCS
with the collision energy spread. From the
comparison in Fig. 2, A and C, and fig. S4, A,
C, and E, we can see clearly that the adiabatic
theoretical results were not in good agree-
ment with the experimental results, especial-
ly in the exact forward-scattering direction.
For the HF(v' = 2, 5" = 5) DCS results, the two
theoretical peaks off of 0° matched quite
well with the experimental ones. However,
there was an extra theoretical peak at 6 =
0° which did not arise in the experimental
results. For HF(v' = 2, j' = 3), the deep dip
in the adiabatic DCS shown at 6 = 0° was
also not in good agreement with the exper-
iment. Similarly, the adiabatic calculations
were not able to reproduce the experimen-
tal findings for other j' values (fig. S4, A, C,
and E). From these comparisons, it seems
quite clear that the experimentally observed
horseshoe pattern in the forward scattering
cannot be accurately accounted for using
the adiabatic dynamics model, in which the
electron spin and electron orbital angular
momentum cannot be included. Thus, the
question becomes whether the discrepancies
between the adiabatic model and the exper-
iment were caused by neglecting the elec-
tron spin and orbital motion in the adiabatic
model—i.e., caused by neglecting the fine
structure of partial waves.

We then carried out the time-dependent
quantum wave-packet dynamics calculations
using a full six-state diabatic model (11, 12, 36),
which was developed by Alexander and co-
workers. This model included all angular
momentum couplings between the electron
spin, electron orbital angular momentum, and
angular momenta of the nuclear motions. A
brief description of the full six-state diabatic
model can be found in the supplementary
materials. The calculated DCSs for the HF (v’ =
2,7 = 3 and 5) product using the full open-shell
model are shown in Fig. 2, B and D, along with
the experimental results. Notably, the theoret-
ical DCSs using the full open-shell model were
in near-perfect agreement with the experi-
mental observations. The agreement for other
7' states of HF(v' = 2) between theory and
experiment was also excellent (fig. S4, B, D,
and F). These results strongly suggest that the
inclusion of the electron spin and electron
orbital motions in the model had a marked
effect on the dynamics of the resonance-
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Fig. 4. Schematic of the resonance-mediated reaction mechanism. With inclusion of the full spin-orbit
effects, a single J = 18 partial wave in the adiabatic picture is split into four partial waves (two with J = 17.5 of
negative parity and two with J = 18.5 of positive parity). Ecoy, collision energy.

mediated F + HD reaction. The fine structures
of partial waves in this reaction at this colli-
sion energy for reproducing the experimental
DCS of such high resolution cannot be ignored.

To elucidate the underlying dynamics of
this phenomenon, we also used the full six-
state diabatic model to calculate the opacity
functions. The opacity function for the HF(¢v' =
2, 7/ = 3) product is shown in Fig. 3, in
comparison with that for the adiabatic model.
In contrast to the case of a single partial-wave
resonance (J = 18) in the adiabatic model, it
appears that two partial-wave resonances, J =
17.5 and 18.5, were responsible for the reso-
nance peak in the opacity function at a col-
lision energy of 2.10 kcal/mol (Fig. 3), which
refers to F(*P3/5) + HD(v = 0, j = 0) at infinite
separation. This finding suggests that electron
spin and orbital angular momenta were coupled
to the angular momentum of the nuclear
motion during the chemical reaction, which
split the partial waves and substantially in-
fluenced the dynamics of this reaction. More
detailed analysis showed that there were
actually four partial waves contributing to
that peak in the opacity function at a collision
energy around 2.10 kcal/mol: two with J =
17.5 and two with J = 18.5 but with different
total parities (fig. S6). In addition, theoretical
analysis showed that the forward-scattering
products in this reaction were mainly caused
by the J = 17.5 and 18.5 partial-wave reso-
nances, and the direct reaction component
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Fig. 5. Calculated DCSs for the HF(v' = 2, ' = 3
and 5) channel. (A and B) Interference between
partial waves of positive and negative parities
enhances the double-peak structure in the forward
angular distribution and creates the slight oscillatory
angular structures in the resonance-mediated

F + HD — HF + D reaction. The comparison
demonstrates that the double-peak structure is due
to the interference between spin-orbit split-
resonance partial waves of different parities.
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was dominantly backward scattered (fig.
S5), similar to that predicted in the adiabatic
model without considering all spin-orbit
interactions.

The appearance of four partial waves in the
full six-state diabatic model, instead of a sin-
gle partial wave in the adiabatic model, de-
serves more explanation. In the adiabatic model,
electron spin and orbital angular momentum
were neglected, and the total angular momen-
tum J was the summation of the nuclear orbital
angular momentum L and the diatomic rota-
tional angular momentum j (i.e., J = L + j). For
the reactant HD molecule in the j = O state, J =
L. In the full six-state diabatic model, the
electron spin (s) and electron orbital angu-
lar momentum (1) were included. The total
angular momentum J was thus the summa-
tion of the nuclear orbital angular moment
L, the diatomic angular momentum j, and
the total electronic angular momentum J,
(that is, J = L + j + ja). Here, jo = s + 1,
according to Hund’s case a (7). As in the ex-
perimental condition, the reactant HD mol-
ecule was in the j = 0 state, and we then have
J=L+j,

In the F(*P5,) + HD reaction, the initial
’P,,, state is with s = 1/2 and I = 1, and thus
Jja could have four different values: 1.5, 0.5,
-0.5, and -1.5. Consequently, for each L
quantum number, there are four J values:
L-15,L-0.5,L+ 0.5 and L + 1.5. For
example, when L = 18, J can have four pos-
sible values (16.5, 17.5, 18.5, and 19.5) in the
entrance channel (fig. S7). These variations
imply that a single J partial wave in the
adiabatic model would split into four par-
tial waves in the full six-state diabatic model
(Fig. 4) when electron spin and orbital angular
momenta of both electron and nuclei motions
are included.

More notably, among these four partial waves
accounting for the resonances at a collision
energy of ~2.10 kcal/mol, two of them with J =
17.5 are of negative total parity (-), and the
other two with J = 18.5 are of positive parity
(+). From the calculated reaction probabilities,
these four spin-orbit fine-structure partial
waves should have similar potential energy
surfaces so that resonance states transiently
trapped on these surfaces all have similar
energies (fig. S6). To determine whether spin-
orbit split partial waves with different par-
ities have any effect on the reaction dynamics,
we calculated the DCSs for the HF(v' = 2, j)
product with partial waves of pure negative
or positive parity. Figure 5 displays the cal-
culated DCS for HF(v' = 2, j' = 3 and 5) from
partial waves with pure negative and posi-
tive parities. It appears that the double-peak
structure in the calculated DCS for partial
waves with pure negative or positive parity
was substantially underestimated (Fig. 5),
and the summation of these structures is
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clearly not in good agreement with the ex-
perimental results. However, when all par-
tial waves with both negative and positive
parities were included, the double-peak struc-
ture in the calculated DCSs became much
more pronounced and was in excellent agree-
ment with the experiment. A similar con-
clusion was reached for the other rotational
states of product HF(v' = 2, j"). These findings
suggest that the enhanced forward-scattering
double-peak structure, the observed horseshoe
pattern, originated from quantum interfer-
ence between spin-orbit split partial waves of
different total parities.

With respect to previous studies (28, 32), it
is noteworthy that even though the inclusion
of electron spin and orbit can substantially
affect the detailed structures of the DCSs for
the F + HD — HF + D reaction, the picture of
reactive resonances in the full six-state diabatic
model is quite similar to that in the adiabatic
model, except that a single adiabatic partial
resonance state is now split into four spin-orbit
split-partial-wave resonances. From detailed
theoretical dynamics calculations, we found
that the positions of the four spin-orbit split-
partial-wave resonances are almost exactly
the same as those in the original adiabatic
partial-wave resonance state (fig. S8).

In this combined experimental and theo-
retical study, we have shown that electron
spin and orbital angular momenta can have
profound effects on the dynamics of the
resonance-mediated F + HD — HF + D re-
action through spin-orbit partial-wave split-
ting. The strong effect of spin-orbit split
partial waves on chemical reactivity man-
ifested in the state-resolved DCS is especially
noteworthy, although the effect of the SOC on
rotational energy levels has been well estab-
lished for a long time in diatomic molecules
and radicals (e.g., NO and OH). The experi-
mental detection of the horseshoe-shaped
DCS structure in the title reaction has dem-
onstrated the power of the D-atom velocity
map imaging method, in combination with
threshold ionization, for accurately measur-
ing the fine angular features in the state-
resolved DCS. This finding allowed us to probe
the hidden effects of spin-orbit interactions
on the dynamics of this resonance-mediated
chemical reaction.
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PALEONTOLOGY

The influence of juvenile dinosaurs on community

structure and diversity

Katlin Schroeder™, S. Kathleen Lyons?, Felisa A. Smith!

Despite dominating biodiversity in the Mesozoic, dinosaurs were not speciose. Oviparity constrained
even gigantic dinosaurs to less than 15 kg at birth; growth through multiple morphologies led to the
consumption of different resources at each stage. Such disparity between neonates and adults could
have influenced the structure and diversity of dinosaur communities. Here, we quantified this effect for
43 communities across 136 million years and seven continents. We found that megatheropods (more
than 1000 kg) such as tyrannosaurs had specific effects on dinosaur community structure. Although
herbivores spanned the body size range, communities with megatheropods lacked carnivores weighing
100 to 1000 kg. We demonstrate that juvenile megatheropods likely filled the mesocarnivore niche,
resulting in reduced overall taxonomic diversity. The consistency of this pattern suggests that ontogenetic
niche shift was an important factor in generating dinosaur community structure and diversity.

inosaurs were the dominant terrestrial

vertebrates for >150 million years, yet

their species diversity, particularly at

sizes <60 kg, remained well below that

of other fossil groups (Z). Moreover,
their overall body size distribution differed
from other vertebrates. Because small-bodied
vertebrates can finely partition resources and
have high turnover between environments
(2, 3), they typically have the highest diversity
across regions. Yet curiously, large-bodied
dinosaurs were the most diverse. This was
particularly true for herbivorous sauropods
and ornithischians, whereas the predominantly
carnivorous theropods exhibited a more uni-
form range of sizes globally (4). Although the
preponderance of large-bodied forms may be
partially due to taphonomy (5), some 90% of
dinosaur species <60 kg would have to be
missing from the fossil record for the body
mass distribution of dinosaurs to resemble
that of extinct mammals, which display a
pattern less skewed by size (4). Rather, dino-
saurs’ global body mass distribution patterns
may have been linked to their physiology; as
oviparous organisms, the largest dinosaurs
grew from disproportionately small infants
(6). Many dinosaurs exhibited marked mor-
phological differences between juveniles and
adults (7, 8), resulting in the utilization of dif-
ferent resources through growth and develop-
ment (9-12), a relatively rare terrestrial life
history strategy observed mostly in large egg-
laying reptiles (13). Moreover, rapid growth
combined with low adult survivorship (74-16)
resulted in large populations of juvenile dino-
saurs (I7) that may have competed with
dinosaurs that were small and medium-sized
as adults.
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Here, we tested whether low dinosaur spe-
cies diversity and their unusual body size
distribution was, at least partially, due to the
large disparity between neonate and adult
body size, with juveniles of larger-bodied
species filling ecological niches that might
have otherwise been available to other taxa.
This concept of “ontogenetic niche shift” (ONS)
in dinosaurs is widely assumed based on mod-
ern correlates (10, 13, 14, 18, 19). For example,
based on modeling of hypothetical dinosaur
communities, Codron et al. (9, 1I) predicted
that ONS led to reduced diversity of dinosaurs

Fig. 1. Community
divergence from global
distributions. Distribu-
tions comparing 1303
global taxa with local com-
munity taxa (median).
Overall, global taxa are
more left skewed and
communities are more
bimodal. “A" indicates the

0.25

weighing between 1 and 1000 kg. Despite these
predictions, little work has empirically explored
juveniles’ influence on community structure
and overall dinosaur diversity (11, 19). Thus,
we examined small-scale body size patterns
for evidence of competitive interactions using
fossil evidence from dozens of communities
representing a wide variety of environments
spanning most of dinosaur evolution and
evaluated the potential effects of spatial scale
and trophic affiliation using well-constrained
groups of biologically interacting species.
Our analyses are based on 43 dinosaur com-
munities constructed from data extracted from
the Paleobiology Database (20, 21) (table S1).
From this baseline, each species’ occurrence
and taxonomic validity were checked individ-
ually against the literature, with taxa deemed
synonymous by most experts removed and new
taxa absent from the Paleobiology Database
added. Masses were derived using averages
from the primary literature (table S1). Wherever
possible, formations were limited to smaller
subsets of cooccurring species. Our dataset
represents seven continents spanning 136 mil-
lion years and includes >550 species. We pre-
dicted that dinosaur communities with strong
local drivers would diverge from the global dis-
tribution (2, 22, 23). Because ecological inter-
actions such as competition might not have
influenced carnivorous and herbivorous dino-
saurs equally (24), the shape of each carnivore
and herbivore dinosaur guild within each
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Fig. 2. Community mass-species distributions of nine formations. The formations shown are as follows: (A) Judith River, (B) Dinosaur Park, (C) Two Medicine,
(D) Bayan Shireh, (E) Barun Goyot, (F) Horseshoe Canyon, (G) Cedar Mountain, (H) Cloverly, (I) Hell Creek. Brackets illustrate the gaps in carnivore distributions.

community was compared against the global
distribution (4).

We found that the overall body size dis-
tributions within communities were consistently
bimodal regardless of continent, taxa, and time,
resulting in less-extreme skew toward large size
than evidenced in the global distribution (global
skew = -0.577, community average skew =
-0.365; table S2). The disparity between the
local and global distributions was driven pri-
marily by small (10 to 100 kg) carnivorous dino-
saurs (table S4 and Fig. 1); when examined
separately, local herbivore body mass distri-
butions closely reflect their global distribution,
suggesting that ecological interactions have
little effect on their distribution [P < 0.05 in
40% of communities, Kolmogorov-Smirnov
(K-S) test; table S3].

By contrast, most carnivorous guilds within
communities differed from the global carni-
vore pattern (P < 0.05 for 64% of communities,
K-S test; table S4), as predicted for strong local
interactions. Pairwise comparisons between
carnivore guild distributions were nonsignificant
in 92% of tests (o = 0.05, two-tailed ¢ test with
Bonferroni correction for multiple comparisons:
o = 0.000058 nonsignificant in 99.7%, table
S7) despite differing variances, means, and
sample sizes, suggesting similar underlying
drivers across communities. The only excep-
tions are formations lacking megatheropods
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(carnivores >1000 kg) (e.g., Tremp and Bissekty),
those dominated by very small taxa (e.g., Yixian),
or those containing multiple sauropods (e.g.,
Morrison and Lameta), where the availability
of multiple enormous prey species may have
reduced interspecific competition and allowed
the coexistence of an unusually diverse as-
sortment of carnivores.

Community distributions exhibited a per-
sistent lack of carnivorous dinosaurs weighing
between 100 and 1000 kg (Fig. 2). The least
likely body size of carnivorous taxa was con-
sistently in the 100- to 300-kg range (fig. S1).
For perspective, if the modern mammal carni-
vore assemblage of Kruger National Park were
similarly structured, there would be no carni-
vores between the size of an African lion (190 kg)
and a bat-eared fox (4 kg) (Fig. 3). The carnivore
“gap” was above the expected limit of tapho-
nomic size bias against small dinosaurs (5), and
the drivers of such bias were unlikely to have
selectively affected carnivores but not herbi-
vores, suggesting that the gap represents a
true biological signal. Moreover, it is unlikely
that other clades such as mammals or cro-
codylomorphs occupied this body size niche
because no known Mesozoic mammals exceeded
15 kg (22), and crocodylomorphs were pre-
dominantly semiaquatic after the Triassic (25).
Furthermore, the width of the carnivore body
size gap is correlated with the size of the

largest carnivore (Kendall rank t = 0.437, P =
0.000652). The presence of megatheropods in
the community decreased the likelihood of
cooccurring species between 100 and 1000 kg
even further (table S5). Formations without
megatheropods, such as Yixian Lujiantun, did
not exhibit body size discontinuities in their
carnivorous dinosaur assemblages.

Although the overall distribution of carni-
vore body size was consistent, the gap itself
was dynamic. From the Jurassic to the Creta-
ceous, the size gap in carnivore species shifted
toward larger sizes, mirroring the evolutionary
increase in overall dinosaur size (26), and
widened from an average of 436 kg to >2060 kg.
We suspect that the shift and expansion of
the body size gap was caused by a number of
changes from the Jurassic to the Cretaceous
resulting in increased competition, including
(i) decrease by half of average prey body mass,
limiting the potential for size partitioning
(26); (ii) the diversification of small, poten-
tially endothermic carnivorous dinosaurs
(27); and (iii) heightened ONS in Cretaceous
megatheropods.

A smaller size gap was found in Jurassic
communities, which were characterized by
multiple large allosauroids and medium-sized
ceratosaurs. Allosauroidea was a morphologi-
cally diverse clade (28), which likely facilitated
the cooccurrence of multiple carnivores within
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Fig. 3. The dinosaur gap versus modern carnivorous mammals. (A) Carnivorous mammals of Kruger National Park organized to scale by mass. (B) Carnivorous
dinosaurs of Dinosaur Park Formation if the largest carnivore were scaled equally to the largest mammalian carnivore in Kruger. Infants (gray) of the largest species
shown below adult to show relative growth requirement.

0.6
0.5
0.4
0.3
0.2
0.1
—
0.4 F
0.3
0.2
0.1
0 I
0.5
0.4
0.3
B M
0.5 5

0.7 B
0
0.5
0.1
0

Cumulative Relative Species Frequency

45 -05 3.5 45 -05 05 15 25 3.5 4.5
Log10 Mass (kg) @ Adult Carnivores  m Juvenile Megatheropods

Fig. 4. Community mass-species distributions with juvenile megatheropods as morphospecies stacked with adult conspecifics. The formations shown are
as follows: (A) Judith River, (B) Dinosaur Park, (C) Two Medicine, (D) Bayan Shireh, (E) Barun Goyot, (F) Horseshoe Canyon, (G) Cedar Mountain, (H) Cloverly,
(I) Hell Creek. The influence of juveniles was highest within the carnivore gap and was proportional to at least 60% of adults in all measured communities.
Megatheropods <3000 kg exerted the most influence, matching or outweighing their adult conspecifics in more than half of the measured formations.
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communities. Juvenile allosaurs were more
similar to adults than Cretaceous megathero-
pods (29), resulting in fewer feeding niche
shifts through ontogeny. Predation on sauro-
pods (30) may have reduced allosaurs’ com-
petition with ceratosaurs, which have been
associated with piscivory or omnivory, re-
spectively (3I). This relatively high morpho-
logical differentiation and associated dietary
niche partitioning combined with limited
ONS in megatheropods may have allowed
for the coexistence of large- and medium-
sized Jurassic carnivores.

The end of the Jurassic saw a drastic re-
duction in the diversity of both sauropods and
stegosaurs and may have led to the disappear-
ance of many allosauroid taxa (32). Replacing
the diverse megatheropod guilds of the Juras-
sic were Cretaceous communities dominated
by a single clade: tyrannosaurs in the north
and abelisaurs in the south. Both tyrannosaurs
and abelisaurs have been associated with ex-
tensive morphological changes through on-
togeny (7, 33). Concurrent diversification of
dromaeosaurs added competitive pressure on
the truncated prey base (34). The ornithischian
prey that replaced sauropods likely traveled
in multigenerational herds (35), limiting the
possibility of predation of isolated juveniles.
We suggest that competition for a limited prey
source by both large and small carnivores, and
the broadening of megatheropod niches, re-
sulted in a widening of the carnivore gap.

For juvenile megatheropods to exclude
smaller species from the community, they
must represent a non-negligible proportion
(>50%) of the biomass. Moreover, juvenile
peak biomass must fall predominantly within
the carnivore gap. To evaluate the effect of
juveniles [<16 years of age (12, 33)] on com-
munity composition, we calculated the pro-
portion of juvenile biomass using published
growth rates derived from lines of arrested
growth and survivorship curves based on rela-
tive age abundance from mass-death assem-
blages recorded in the fossil record (17, 36-38).

We calculated biomass through ontogeny
for 1000 individual cohorts of six tyrannosaurs
and four allosaurs by multiplying the mass
(M,) and survivorship (S,) at age in years (a)
such that the proportion of any species’ biomass
represented by juveniles (BMj) is as follows:

M; xSy
BM; = ,
J Z(z(Ml % Sy, My * Sg... Mipax * Smax)> '

( M, xSy )
(M * Sy...Mmax * Smax) )

Mis * Si6
1
():(M1 # S1... Mnax * Smax)> @

We then related BM; to the proportion of mass
contained in adults, set to 1, so that relative
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juvenile species proportion (RSPj) is equal to
the following:

RSPJ = BMJ * |: (2)

1

1— BMJ
For example, if juveniles represented 60%
of the biomass of Tyrannosaurus rex, then
the juvenile “morphospecies” would be
equivalent to 1.5x the taxonomic species.
Tyrannosaurs and other megatheropods did
not live long past somatic maturity (16), and
their juvenile growth rate approached that
of mammals and birds (72). This supports
our finding that megatheropod biomass
peaked at sexual maturity (16 to 19 years of
age) and followed a log-normal distribution
(fig. S2). For all 10 species examined, juvenile
biomass was proportional to least 60% of
adult conspecifics (table S6) and exceeded
adult biomass in five tyrannosaur species.
Substantial proportions of juvenile biomass,
including peak biomass, fell within the range
of the size gap in all communities (Fig. 4).
Thus, juvenile megatheropods represented
taxonomically identical but ecologically dis-
parate morphospecies within their commu-
nities, with the greatest potential influence
in the mass range of 300 to 1000 kg. Our
results support the hypothesis that juvenile
megatheropods effectively filled the niche of
medium-sized carnivores, or mesocarnivores
and therefore likely limited diversification
of theropods with adult body sizes that
fell within this range.

That large carnivorous dinosaurs may have
filled multiple niches through ontogeny is not
a new assertion (7, 9, 11, 12, 32), yet despite
their morphological disparity, adults and ju-
veniles continue to be grouped together in
diversity indices, which is accurate taxo-
nomically but not ecologically. Our analysis
demonstrates the influence that juvenile
megatheropods would have had as morpho-
species on their community. We found a gap
in the community body size distribution of
carnivorous dinosaurs regardless of continent,
biome, formation size, or species examined.
Our analysis demonstrates that this gap was
likely filled by juvenile megatheropods and
suggests that low taxonomic diversity in car-
nivorous dinosaurs was not caused solely by
taphonomy or collection bias but rather by
competition for resources within and among
body size niches filled by juveniles. Dino-
saurs existed in a specialized terrestrial
community structure, largely organized as
a result of their extreme size, ovipary, and
resulting ontogenetic niche shift. The “grow
fast, die young” approach of megatheropods
resulted in a predominance of juveniles in
communities, filling the morphological and
functional role of mesocarnivores, which as
a result are absent from the fossil record as

individual species, artificially deflating diver-
sity indices of dinosaurs as a whole.
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NUCLEAR ASTROPHYSICS
1291 and 2YCm in meteorites constrain the last
astrophysical source of solar r-process elements

Benoit C6té“>3*, Marius Eichler®, Andrés Yagiie Lopez', Nicole Vassh®, Matthew R. Mumpower®’,
Blanka Vilagos'?, Benjamin Soés"?, Almudena Arcones*2, Trevor M. Sprouse®€, Rebecca Surman®,
Marco Pignatari®!, Maria K. Pet6®, Benjamin Wehmeyer*'®, Thomas Rauscher'®", Maria Lugaro?12

The composition of the early Solar System can be inferred from meteorites. Many elements heavier than
iron were formed by the rapid neutron capture process (r-process), but the astrophysical sources
where this occurred remain poorly understood. We demonstrate that the near-identical half-lives
(=15.6 million years) of the radioactive r-process nuclei iodine-129 and curium-247 preserve their ratio,
irrespective of the time between production and incorporation into the Solar System. We constrain the
last r-process source by comparing the measured meteoritic ratio 2°1/24’Cm = 438 + 184 with
nucleosynthesis calculations based on neutron star merger and magneto-rotational supernova
simulations. Moderately neutron-rich conditions, often found in merger disk ejecta simulations, are most
consistent with the meteoritic value. Uncertain nuclear physics data limit our confidence in this

conclusion.

he rapid neutron capture process (r-
process) is the source of half of the
naturally occurring elements heavier
than iron (7), including iodine, europium,
gold, platinum, and the actinides. How-
ever, the astrophysical sites where r-process
elements were synthesized and the physical con-
ditions at these sites are not well constrained.
The gravitational wave event GW170817
(2), the identification of its electromagnetic
counterpart, and the inference of lanthanide
elements in the ejecta (3) have shown that neu-
tron star mergers can synthesize at least some
r-process elements. GW170817 provided only
limited information on the nucleosynthesis pro-
cess, as only one specific element (strontium)
has been identified in its spectrum (4). More
detailed isotopic information for r-process
nucleosynthesis is recorded in the composi-
tion of the Solar System. Analysis of primitive
meteorites has produced abundance deter-
minations for all stable isotopes (5), whereas
abundances derived from stellar spectra typ-
ically provide elemental abundances only.
The Solar System’s stable isotopes include
contributions from multiple nucleosynthetic
events (supernovae, compact binary mergers,
etc.) that occurred at any time between the
birth of the Milky Way and the formation of
the Sun. This evolution is difficult to model
but can be simplified by considering radio-
active isotopes with half-lives of several mil-
lion years (Myr). Analysis of meteorites has
shown that such isotopes were present at
the formation time of the first solids [the

calcium-aluminum-rich inclusions (CAIs)]
in the early Solar System (6). Because those
radioactive isotopes have all decayed over the
lifetime of the Solar System, their initial abun-
dances are inferred from excesses of the
daughter isotopes they decay into. Radio-
active isotopes reflect a smaller number of
nucleosynthesis events than stable isotopes,
specifically the events that occurred shortly
before the formation of the Sun. We consider
the early Solar System abundances of two
radioactive isotopes with half-lives of 15.7 and
15.6 Myr, respectively: 2T and the heavier
actinide isotope, 2*’Cm. We adopt abundances
of these isotopes (Table 1) from previously
published analyses of meteorites (7-9), where
they are reported as ratios with reference
isotopes 2°I/**"1 and 2¥'Cm/***U.

The process of comparing these isotopic
ratios directly with predictions from simu-
lations and determining the nucleosynthetic

sources that enrich interstellar gas with heavy
elements is highly uncertain. The abundance
ratio ?°I/""T has a stable isotope in the de-
nominator, the abundance of which depends
on the complete galactic enrichment history
before the formation of the Solar System. This
ratio is therefore affected by uncertainties in
the star formation history, the amount of in-
terstellar gas in the Milky Way, and the amount
of I removed from the interstellar gas by
galactic outflows (10). The 2*’Cm/?*°U ratio is
less affected by those uncertainties because
35U has a half-life of 704 Myr, which is short
relative to the ~8 to 9 billion years of galactic
enrichment before the formation of the Sun.
The 2*’Cm/>**U ratio is still affected by the
uncertain time interval between the synthesis
of these elements and their incorporation into
the early Solar System. This delay is ~100 to
200 Myr for r-process isotopes (11), during
which 2*’Cm and ?*°U decay exponentially.
Because their half-lives differ by a factor of
50, the 2*’Cm/?*°U abundance ratio diverges
from its original value before being locked into
the Solar System.

Enrichment of the interstellar gas from
which the Solar System formed was not con-
tinuous but stochastic (12). It is therefore
unknown how many enrichment events are
recorded in the isotopic ratios derived from
meteorites. Because the radioactive abundances
from each event decayed for an unknown
amount of time, the relative contributions are
even more uncertain.

Using the I/**’Cm abundance ratio by-
passes those uncertainties because of the com-
bination of two properties. First, *°I and
247Cm have the same half-life, within un-
certainties, so their ratio is not strongly af-
fected by decay over time. Second, both isotopes
are short-lived compared with the average time
elapsed between r-process events, so their ratio
probably reflects only one event (supplementary

Table 1. Early Solar System isotopic ratios involving radioactive nuclei produced by the
r-process. Column 5 provides the early Solar System ratio of each isotope listed in column 1 relative
to that in column 3, with the half-lives of these isotopes (28-30) given in columns 2 and 4,

respectively. All uncertainties are 2c (11).

Short-lived  Half-life (Myr) Reference Half-life (Myr) Early Solar References
radionuclide isotope System ratio
Y 157 + 0.8 W Stable (1.28 £ 0.03) x 107* %)
27Cm 156 + 1.0 Gl 704 + 2 (5.6 +0.3) x10™° (8,9)
129 157 + 0.8 “Cm 156+10 438 + 184 See text
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text). Figure 1 shows a simulation of how these
isotope ratios vary over time. >°I/**’Cm always
stays close to its production ratio, whereas I/
277 and #Cm/*°U vary by orders of magnitude.
Different astrophysical sources could have
synthesized a range of *°1/**’Cm abundance
ratios throughout the history of the Galaxy,
but only one event is likely recorded in
meteorites for these isotopes. We determine
the 2°I/>*’Cm ratio in the early Solar System
(Table 1) using the reported 2°I/**1 and
2470m/?%5U ratios together with the 271/23°U
ratio of 189 (5). We find **1/**'Cm = 438 + 184,
and we interpret this value as reflecting the
nucleosynthesis of the last r-process event that
polluted the presolar nebula.

This value relies on our adoption of solar
abundances commonly used in astronomy
(5). However, alternative measurements have
reported an iodine abundance that is an
order of magnitude lower (13), which would
affect our conclusions. Adopting the lower
value would make iodine less abundant than
neighboring isotopes. Our nucleosynthesis
calculations (see below) do not predict this
feature because they generally show smoother
abundance trends between neighboring spe-
cies, which is more consistent with the higher
abundance measurement (5). The meteoritic
measurements (13) could be affected by hetero-
geneities on scales larger than the samples that
were analyzed (the nugget effect) and by pos-
sible losses of noble gases produced from
halogens such as iodine through the irradiation
technique adopted for the measurements (sup-
plementary text). We therefore prefer to adopt
the higher value of the iodine abundance (5)
(supplementary text).

We performed theoretical nucleosynthesis
calculations to determine the **1/**’Cm abun-
dance ratios that would be produced in the
physical conditions that occur in previous hy-
drodynamic simulations of potential r-process
sites: neutron star-neutron star (NS-NS)
mergers, neutron star-black hole (NS-BH)
mergers, and core-collapse supernovae (SNe)
driven by strong magnetic fields and fast
rotation [magneto-rotational supernovae (MR
SNe)] (I14). In NS-NS and NS-BH mergers,
matter is ejected in two ways: (i) dynamical
ejecta (15, 16) that are driven by tidal forces
and shocks that occur promptly during the
merger and (ii) disk ejecta (17) that are driven
by heating that unbinds matter from the disk
that forms around the compact central rem-
nant left after the merger, which is either a
neutron star or a black hole. Table S1 lists
details of the seven simulations we considered.
Because r-process nucleosynthesis predictions
are affected by large uncertainties from nuclear
physics (18-20), we repeated our calculations
with three different sets of nuclear reaction
rates and three different models for the dis-
tribution of fission fragments (71). This gen-
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erated nine nucleosynthetic model predictions
that were applied to each of the seven hydro-
dynamic simulations, for a total of 63 calcu-

input with the meteoritic ratio. The uncer-
tainties on the meteoritic ratio include both
the uncertainty in the derivation of the early

lations shown in Fig. 2.
In Fig. 2, we compare our predicted 21/
241Cm ratios using different nuclear physics

NN \ |

W\

Solar System ratio (Table 1) and the uncer-
tainty in the half-lives of ?°I and 2*’Cm. We
include the latter to account for the slight
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Fig. 1. Simulated evolution of the abundance ratios 2°17*%’, 27Cm/%*3U, and *?°1/?*’Cm in a parcel
of Milky Way interstellar gas. The time window shown encompasses the time when the Sun formed.

Each peak is produced by an additional r-process event. The blue and orange lines show two arbitrary
Monte Carlo realizations for the temporal distribution of those events (27). Each event is assumed to eject
the same mass of '°1, 27|, 2’Cm, and 23%U, such that the production ratio is equal to 1 for all three isotopic
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ratio variation that could have occurred during
the time elapsed between the last r-process
event and the condensation of the first solids
in the early Solar System (7I). Because I and
247Cm have substantially different atomic
numbers, their relative abundances strongly
depend on the physical conditions in which
the r-process nucleosynthesis occurs. The pre-
dicted ratios shown in Fig. 2 vary by more
than two orders of magnitude.

For the magneto-rotational supernova (MR
SN) ejecta (14), the abundance ratio is always
>1000 because most of the ejecta are not
sufficiently neutron rich to produce enough
actinides. Although other MR SN simulations
may generate different results, models with
alternative neutrino transport predict even
lower production of actinides (21). MR SNe
are expected to have occurred more often in
the early Universe, because of higher stellar
rotation (22), which makes MR SNe more
likely to enrich very old stars than the Solar
System. Collapsars are also a possible r-process
site; these occur during the late evolution of
some MR SNe, when a black hole surrounded
by an accretion disk forms. However, their
capacity to synthesize actinides (including
247Cm) is debated and ranges from substan-
tial production (23) to no production (24, 25).

For the NS-NS and NS-BH merger simu-
lations, dynamical ejecta are dominated by very
neutron-rich conditions—producing more acti-
nides (such as **'Cm) relative to lighter nuclei
(™91, in this case)—compared with the other r-
process scenarios (see also fig. S1). As a result,
the dynamical ejecta *°I/**Cm ratios are all
<100, which is below the 2c uncertainty of the
meteoritic ratio. Merger simulations predict the
presence of very neutron-rich material (15, 16);
however, the exact contribution of such con-
ditions to the total ejecta is still unclear. Sim-
ulations of dynamical ejecta show a broad range
of neutron richness (26).

The three NS-NS merger accretion-disk ejecta
simulations give different results (Fig. 2). NS-NS
disk 1 is consistent with the meteoritic value,
NS-NS disk 2 partly overlaps with the 2c un-
certainty, whereas NS-NS disk 3 is below the 2c
uncertainty and therefore not compatible. Al-
though these disk simulations represent a
disk forming around an NS-NS remnant, NS-
BH disk models can produce similar abun-
dances (I17).

We considered the combination of both dy-
namical and disk ejecta from a single binary
merger (supplementary text). We found that
the maximum contribution of dynamical ejecta
is ~50% (in mass fraction) to remain within the
26 uncertainty of the meteoritic ratio. I and
21Cm in the early Solar System were likely
synthesized by only one r-process event, but if
two events contributed, the meteoritic ratio
could be matched by a combination of dy-
namical ejecta with MR SN ejecta (see Fig. 2).
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However, such a mixture has an occurrence
probability of <10% (supplementary text).

To test the sensitivity of these results to the
input data, we performed 56 additional nu-
cleosynthesis calculations on the dynamical
ejecta (15) using a different nucleosynthesis
code and a wider variety of input nuclear
physics models (17). Most of these models
predict 12°I/**’Cm ratios <100 (tables S2 and
S3), which is consistent with the results pre-
sented in Fig. 2. In 4 of the 56 cases, very
neutron-rich dynamical ejecta reach the me-
teoritic ratio. The large range in predictions
is due to the nuclear physics uncertainties.
Our additional calculations support our con-
clusion that enrichment of the presolar nebula
by very neutron-rich ejecta is often inconsistent
with the meteoritic data. This result applies to
the last r-process event that polluted the pre-
solar nebula with radioactive isotopes, not to
the collective contribution of all previous
events that built up the stable r-process solar
composition.

We have shown that the °I/**’Cm abun-
dance ratio can constrain the ejecta compo-
sition of the last r-process event that polluted
the presolar nebula. This ratio is highly sen-
sitive to the physical conditions in which I
and 2*"Cm were synthesized. Our results sug-
gest that moderately neutron-rich conditions
are generally most consistent with the mete-
oritic value. However, such conclusions are
limited by solar abundance determinations
and current uncertainties in the available hy-
drodynamical and nucleosynthesis models.
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Massively parallel ultrafast random bit generation

with a chip-scale laser

Kyungduk Kim?, Stefan Bittner'?, Yongquan Zeng®, Stefano Guazzotti*®, Ortwin Hess*®,
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Random numbers are widely used for information security, cryptography, stochastic modeling, and
quantum simulations. Key technical challenges for physical random number generation are speed and
scalability. We demonstrate a method for ultrafast generation of hundreds of random bit streams in
parallel with a single laser diode. Spatiotemporal interference of many lasing modes in a specially
designed cavity is introduced as a scheme for greatly accelerated random bit generation. Spontaneous
emission, caused by quantum fluctuations, produces stochastic noise that makes the bit streams
unpredictable. We achieve a total bit rate of 250 terabits per second with off-line postprocessing, which
is more than two orders of magnitude higher than the current postprocessing record. Our approach is
robust, compact, and energy-efficient, with potential applications in secure communication and high-

performance computation.

he performance and reliability of our

digital networked society are based on

the ability to generate large quantities

of randomness. An ever-increasing de-

mand to improve the security of digital
information has shifted the generation of ran-
dom numbers from sole reliance on pseudo-
random algorithms to the use of physical
entropy sources. Ultrafast physical random
number generators are key devices for achiev-
ing ultimate performance and reliability in
communication and computation systems
(1, 2). Semiconductor lasers that feature chaotic
dynamics with tens-of-GHz bandwidth repre-
sent one prominent class of high-speed random
number generators (3-18). Initially, 1.7 Gb/s
random bit generation (RBG) was achieved
with combined binary digitization of two in-
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dependent chaotic laser diodes (3). Then,
from a single chaotic semiconductor laser, a
12.5 Gb/s RBG was demonstrated (4), with a
subsequent boost to 300 Gb/s (5). By coupling
several lasers to further increase the bandwidth
and using postprocessing schemes to extract
more bits in analog-to-digital conversion (ADC),
the total RBG rate was pushed up to 2 Tb/s
(13-15, 18). However, the intrinsic time scales
of lasing instabilities impose an ultimate limit
on the entropy generation rate. A further increase
in the RBG rate requires a different physical
process with inherently faster dynamics.
Parallel RBG schemes can greatly enhance
the generation rate and the scalability by
producing many bit streams simultaneously.
In the spatial domain, parallel generation
of physical random numbers was realized by
sampling two-dimensional laser speckle pat-
terns created by a moving diffuser or a vibrat-
ing multimode fiber (19, 20). As a result of
inherently long mechanical time scales, the
generation rates remain low (Mb/s). Chaotic
broad-area semiconductor lasers have been
investigated for high-speed parallel RBG (21),
but correlations of intensity fluctuations at
different spatial locations impede independent
parallel bit stream generation. Spectral demul-

tiplexing of amplified spontaneous emission
(22, 23) or heterodyning chaotic laser emission
(9) are used for parallel RBG with rates up to
hundreds of Gb/s per channel. So far, such
spectral-domain parallel RBG has been dem-
onstrated with fewer than 10 channels.

We demonstrate a method that enhances
the random bit rate in a single channel and
also provides hundreds of channels for simul-
taneous generation of independent bit streams.
The spatiotemporal interference of many las-
ing modes is used to generate picosecond-scale
emission intensity fluctuations in space, so
as to massively produce ultrafast random
bit streams in parallel. This is achieved by
tailoring the geometry of a broad-area semi-
conductor laser to vastly increase the number
of transverse lasing modes, thereby suppress-
ing characteristic dynamical instabilities such
as filamentation. Specifically, we have designed
a chip-scale laser diode to enable a large num-
ber of spatial modes lasing simultaneously with
incommensurate frequency spacings, so that
their interference patterns are complex and
aperiodic. Spontaneous emission adds stochastic
noise to make the intensity fluctuations un-
predictable and nonreproducible.

A conventional broad-area edge-emitting
semiconductor laser has a stripe geometry
with two flat facets (Fig. 1A). Characteristically,
lasing occurs only in the low-order transverse
modes. Nonlinear interactions between the
light field and the gain material entail ir-
regular pulsation and filamentation (24) (Fig.
1B). The spatiotemporal correlation function
of the intensity fluctuations (25, 26) C(Az, At)
reveals nonlocal correlations in space and
time (Fig. 1C). On one hand, long-range tem-
poral correlation reflects memory, which de-
grades the quality of random bits generated
at one spatial location. On the other hand,
long-range spatial correlation means that the
random bit streams generated at different
locations are not completely independent,
thus impeding parallel RBG (21).

To achieve massively parallel ultrafast RBG,
we enhance the number of transverse lasing
modes by increasing the cavity width and
curving the end facets (Fig. 1D), effectively
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Fig. 1. Reducing spatiotemporal correlations of the lasing emission.

(A) A wide-stripe edge-emitting semiconductor laser with planar facets supports
only low-order transverse modes with the typical spatial profile shown (not to
scale). (B) Emission intensity I(x, t) at one facet of a 100-um-wide, 1000-um-long
GaAs quantum-well laser, measured by a streak camera, features filamentation
and irregular pulsations. (C) The spatiotemporal correlation function C(Ax, At)
of the emission intensity in (B) reveals long-range spatiotemporal correlations.

suppressing modulational instabilities. High-
order transverse modes are well confined
inside such a cavity, and their optical gain is
enhanced by tailoring the top metal contact
shape (26). The number of transverse lasing
modes is maximized by fine-tuning the cavity
geometry (27). Lasing on small length scales
of transverse wavelengths of high-order modes
prevents lensing and self-focusing effects (28)
that would normally cause filamentation and
instabilities (Fig. 1E). In turn, the absence of
filaments and pulsations eliminates long-range
spatiotemporal correlations in the lasing inten-
sity (Fig. 1F). It is this shortening of the cor-
relation lengths in space and time that paves
the ground for a substantial increase in the
number of independent spatial channels for
parallel RBG, as well as a great enhancement
of the RBG rate of every individual spatial
channel.

With lasing instabilities suppressed, the dy-
namic variations of the emission intensity are
orchestrated by the interference of lasing modes
with different frequencies. The characteristic
time scale of such intensity fluctuations is
inversely proportional to the spectral width
of the total emission, and is ~1 ps for the GaAs
quantum-well laser (26). We show the spatio-
temporal beat pattern of the intensity emitted
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at one laser facet in Fig. 2A. The temporal
correlation length is determined by the full
width at half maximum (FWHM) of C(Az, At)
in time (Fig. 2B). Its value of 2.8 ps is limited by
the temporal resolution of our detection (26).

Thanks to the ultrafast dynamics of lasing
intensity, the radio-frequency (RF) spectrum
is extremely broad (Fig. 2C). Its bandwidth,
which contains 80% of the entire spectrum,
is 315 GHz. For comparison, the numerically
simulated spectrum is even broader with a
bandwidth of 632 GHz (26). After accounting
for the temporal resolution of photodetection,
the simulated RF spectrum matches the mea-
sured one (Fig. 2C). This agreement confirms
that the ultrabroad spectrum results from the
interference of many transverse and longitu-
dinal modes.

For spatial multiplexing of RBG, the num-
ber of independent parallel channels depends
on the spatial correlation length of the lasing
emission. Now with nonlocal correlations re-
moved, the local correlation length estimated
from the spatial FWHM of C(Az, At) is 1.5 um
(Fig. 2B), which is limited by the spatial
resolution of our detection. Without the finite
experimental resolution, our simulation gives
a correlation length of 0.5 um (26). Thanks to

this extremely short spatial correlation length,
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(D) Our specially designed laser cavity with curved facets confines high-order
transverse modes. The spatial intensity distribution of an exemplary high-order
transverse mode is plotted. (E) The measured spatiotemporal trace of the lasing
emission from our cavity of length 400 um, width 282 um and facet radius 230 um
is free of micrometer-sized filaments and GHz oscillations as seen in (B).

(F) The spatiotemporal correlation function C(Ax, At) of the emission intensity in
(E) shows no long-range spatiotemporal correlations.

hundreds of independent spatial channels are
available for parallel RBG.

Because the transverse mode frequency
spacing in our cavity design is incommensurate
to the longitudinal mode spacing, the spatio-
temporal interference pattern cannot repeat
itself (26). Moreover, the spontaneous emis-
sion generated by quantum fluctuations con-
stantly feeds stochastic noise into the lasing
modes, making their beat pattern unpredictable
and irreproducible.

To generate random bits, we divide the
laser end facet into 1-um-wide spatial chan-
nels. Because of the restricted field of view of
our collection optics, only 254 spatial channels
are recorded simultaneously, which is about
half of the number possible with complete
collection of emission. We sample the emis-
sion intensity at every spatial channel at in-
tervals of t = 1.46 ps (sampling rate 683 GHz;
Fig. 3A, left inset) (26). The emission intensity
integrated over one sampling period I,, has an
asymmetric probability density function (PDF),
which would yield biased bits (26). We adopt
the procedure from (4) to acquire the differen-
tial intensity Al, = I,.4. - I,, which has a
symmetric PDF (Fig. 3A). The differential in-
tensity Al, is digitized to 6 bits (Fig. 3A), and
three least significant bits (LSBs) are used
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Fig. 2. Ultrafast beating of lasing modes. (A) The lasing emission at one facet of our 600-um-long cavity
exhibits a spatiotemporal interference pattern. The white solid curve is the temporal intensity fluctuation

at position x = O (white dashed line). (B) The correlation function C(Ax, At) of the measured lasing emission intensity
in (A) gives the spatial and temporal correlation widths of 1.5 um and 2.8 ps. (C) The RF spectrum (the modulus
of Fourier transform) of the emission intensity in (A) at x = O (red) is much higher than the background (gray)
with the laser turned off. The simulated spectrum (black) is broader but becomes narrower when the temporal
resolution of our detector is taken into account (blue), in agreement with the measured one (red).

for RBG (4). All eight combinations for three
LSBs have almost equal probability (Fig. 3B).
We remove the residual bias by performing
exclusive-OR (XOR) on two bit streams from
distant spatial channels (26), which reduces the
number of parallel bit streams to 127. Figure 3C
reveals that the correlation between bits in a
single bit stream reaches the limit 1/+/N given
by the bit stream length N. This leads to a
single-channel bit generation rate of 2 Th/s,
which is twice the current single-channel rec-
ord with off-line postprocessing (13-15).

We evaluated the quality of the generated
random bits with two standard statistical test
suites: NIST SP 800-22 and Diehard (26).
Figure 3E provides the test results for 127
parallel bit streams; 95 of them passed all
NIST tests, yielding a pass rate of 75%. Com-
pared to the pass rates reported previously
for pseudo-RBG and physical RBG, our pass
rate is within the acceptable range for reliable
random bit generators (16, 29). In addition,
we performed the Diehard tests on all bit

950 26 FEBRUARY 2021 « VOL 371 ISSUE 6532

streams (26). The average pass rate over 10
separate tests with different data sets is 93%,
comparable to the pass rate of pseudo-RBG.

To investigate the effect of photodetection
noise on RBG, we define the signal-to-noise-
ratio (SNR) as the bin size s for digitization
of Al,, divided by 2¢ of the background fluc-
tuation in a channel. With the SNR much
higher than 1 for all spatial channels, the
random bits are generated predominantly by
the laser emission, and a numerical estima-
tion of the noise contribution is presented in
(26). Figure 3F shows that the percentage of
all 188 subtests that every bit stream passes
is uncorrelated with the SNR for the pair of
spatial channels XOR’ed to create it, indi-
cating that the level of detection noise does
not affect the random bit quality.

To confirm the absence of correlations
among the parallel bit streams, Fig. 3D shows
that the mutual information (MI) between
any pair of bit streams (26) is as small as the
MI of uncorrelated bit streams from different

lasers. Moreover, to exclude short-term corre-
lations, we combine odd bits from one stream
and even bits from another to generate new
sequences. The NIST tests of such combined
bit sequences yield a pass rate of 72 to 73%
(26), demonstrating that all the original par-
allel bit streams are truly independent.

All these test results certify the randomness
of our parallel random bits generated at a
cumulative rate of 2 Tb/s x 127 = 254 Th/s.
The very high RBG rate that we obtain in-
dicates an enormous amount of entropy
created by our laser. To establish its physical
origin, we consider a simple model including
only the interference of transverse and lon-
gitudinal lasing modes and spontaneous emis-
sion noise (26). Using the Cohen-Procaccia
algorithm (7), we estimate the entropy rate
hcp for a bit stream generated from the
simulated intensity fluctuations of a single
spatial channel. Figure 4A shows the con-
vergence of hcp for different embedding di-
mensions d. Both the interference of a large
number of lasing modes and the spontaneous
emission noise contribute to entropy genera-
tion (26). As a result of stochastic intensity
fluctuations, Acp increases linearly with the
number of dlglts Ndigit- The fact that hcp
reaches the information theoretical limit A,
(1, 26) indicates that the maximal possible bit
rate for a single channel is achieved. This rate
exceeds the experimentally obtained value be-
cause of the limited temporal resolution and
dynamic range of the photodetector.

To determine how many independent spa-
tial channels are available for parallel RBG, we
investigated the effective spatial degrees of
freedom (DoFs) of the emission pattern of
our laser. Intuitively, the number of spatial
DoFs in the total intensity pattern is expected
to be 2M, where M is the number of trans-
verse lasing modes (26). However, as a conse-
quence of gain competition and saturation, the
mode amplitudes are not uniformly distrib-
uted, effectively reducing the spatial DoFs.
Applying the Karhunen-Loeve decomposition
to the intensity pattern I(z, t), we compute the
Shannon entropy H to obtain the complexity
as a function of the number of transverse
modes M (26, 30). In Fig. 4B, the number of
effective DoFs 27 grows linearly with M, but
with a slope smaller than 2. By maximizing M
with our cavity design, the maximal number
of spatial channels is available for parallel
RBG. Keeping only three LSBs after digitizing
the emission intensity further reduces the
spatial correlation length, and the number
of independent channels is thus further in-
creased (26).

In this proof-of-concept experiment, we have
demonstrated parallel RBG in 127 independent
channels with a rate of 2 Tb/s per channel.
Both the single-channel bit rate and the num-
ber of spatial channels are limited by the
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Fig. 3. Parallel random bit generation and evaluation. (A) The PDF of the
differential intensity, Al, = I,+4 — I,, which is digitized to 6 bits by binning the
range [-1740, 1740] counts (vertical red dashed lines) into 64 equally spaced
intervals. Three LSBs are taken from each sample. The gray scale of the bars
represents their eight combinations. Left inset: A segment of intensity time trace
of a single spatial channel (red line), sampled at intervals © = 1.46 ps (red dots).
The blue curve is the background count. Right inset: The PDF of the differential
background count with a standard deviation o = 3.9 counts, much smaller
than the bin size s = 54 for Al,. (B) The probability for all eight combinations
of three LSBs is almost equal. (C) A bit stream with length N = 2°° has a bit

>

correlation (red squares) around the lower limit 1/+/N (black line). Inset: Close-up
of short delay times. (D) The mutual information between bit streams in two
channels with varying separation (Intracavity) is equal to that between the streams
from two independent lasers (Intercavity). (E) The NIST SP800-22 test results include
15 kinds of statistical tests, yielding a total of 188 subtests for 127 parallel bit streams.
The green color denotes one stream passing one test; conversely, red denotes test
failure. Ninety-five bit streams pass all subtests, yielding a pass rate of 75%, which is
considered acceptable for a reliable RBG. (F) The percentage of all 188 subtests
that every bit stream passes (green) is uncorrelated with the SNR s/2¢ of the
corresponding pair of spatial channels (red dashed and dotted lines).

with the laser in a single chip (26). Alterna-
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S chip on both ends. Although current photo-
diodes are not fast enough to fully resolve the
temporal intensity dynamics, spatial multiplex-
ing with hundreds of channels alone will
drastically increase the RBG rate.
Compared to existing RBG schemes, our
method, based on a single laser diode with-
out optical feedback or optical injection, is
extremely simple yet highly efficient. It does
not necessitate any fine-tuning of operation
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Fig. 4. Information capacity of spatiotemporal intensity pattern of simulated lasing emission. (A) The
entropy rate hcp in a single spatial channel converges for different embedding dimensions d and reaches
the information theoretical limit hg (black dashed line), indicating that the maximum possible RBG rate is
reached. (B) The effective number of spatial degrees of freedom 2 in the emission pattern grows linearly
with the number of transverse lasing modes M. The black solid line is a linear fit. The blue dashed line is the

naively expected number of spatial degrees of freedom 2M, which exceeds 2.

Number of transverse lasing modes M

parameters, and its performance is robust
against fabrication defects. In our current
experiments, the random bit streams are
generated by a computer through off-line
postprocessing including XOR of bit streams
from different locations. Real-time streaming
of parallel random bits to a computer by con-
ducting the postprocessing (including XOR)
“on the fly” remains a major technological
challenge (16, 17).

Besides the application of RBG, the extraor-

30 40

resolution and efficiency of our experimental
apparatus. Improving the temporal resolution
and the dynamic range of photodetection can
double the single-channel bit rate to ~4 Tby/s. If
all the emission is collected with finer spatial

SCIENCE sciencemag.org

resolution, our laser can produce ~500 inde-
pendent bit streams (26). Then the cumulative
bit rate will reach 2 Pb/s.

It is possible to create a compact parallel-
RBG system by integrating fast photodetectors

dinary spatiotemporal complexity of our laser
facilitates rich, diverse dynamical behavior,
which can be finely tailored via the cavity
geometry. By varying the spatial structure of

cavity modes and tuning their characteristic

26 FEBRUARY 2021 « VOL 371 ISSUE 6532 951
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length scale, we could effectively manipulate
their nonlinear interactions with the gain me-
dium to create deterministic spatiotemporal
structures on demand. Such an ability to con-
trol the number of active modes and their
nonlinear interactions promotes our laser as
a model system to study many-body phenomena
and for harvesting spatiotemporal quantum
fluctuations. Because our laser possesses a
variety of temporal and spatial scales, it may
also be useful for studying optical turbulence
with high Reynolds numbers. Despite having
a high-dimensional phase space with a com-
plex landscape, our laser is compact and may
be used for reservoir computing and for creating
physical unclonable functions (PUFs).
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CHAIR AND PROFESSOR

DEPARTMENT OF PHARMACOLOGY
CASE WESTERN RESERVE UNIVERSITY SCHOOL OF MEDICINE

The School of Medicine at Case Western Reserve University (CWRU) invites applications and nominations for the position of Chair of the
Department of Pharmacology. The Department has a long history of outstanding research including the work of multiple Nobel Laureates
(https://case.edu/medicine/pharmacology/). CWRU seeks an outstanding scientist with the skills and vision necessary for developing and
strengthening a department with an innovative research program that integrates basic pharmacological research with other School of Medicine
(SOM) and University departments. Importantly, the candidate will have the opportunity to continue to develop and foster strong translational
and disease-impacting programs in the department and with CWRU faculty at our affiliate hospital programs: University Hospitals Cleveland
Medical Center, Cleveland Clinic (including the Lerner Research Institute), MetroHealth Medical Center, and the Louis Stokes Cleveland
VA Medical Center. The Department has an outstanding education portfolio with graduate and medical education programs that significantly
contribute to the mission and overall strength of the SOM. The department graduate training program emphasizes core competencies, diversity

and career development.

The Department has strong collaborative efforts and membership in the Case Center for Synchrotron Biosciences, the Case Comprehensive
Cancer Center, the Visual Sciences Research Center, the Cleveland Center for Membrane and Structural Biology, and the Cleveland Brain
Health Institute (see https://case.edu/medicine/departments-centers/centers-institutes). Diversity and inclusive excellence is an important
cornerstone for the SOM and all applicants will be expected to be a strong proponent of this SOM commitment. The Chair will be supported by
a competitive recruitment package that includes substantial support for additional faculty recruitments to the Department.

The campus at CWRU encourages and facilitates collaborative interactions among scientists in the Schools of Medicine, Engineering,
including Biomedical Engineering, Nursing, Dentistry, and the College of Arts and Sciences. Extensive expertise exists in protein structure,
including NMR, X-ray crystallography, and Cryo-EM; drug discovery and development; metabolomics; neurodegeneration; and genomics and
epigenetics. The new chair will be expected to capitalize on these and other resources to build cross-institutional collaborative research and
educational programs. While it is expected that the chair will continue their commitment to research and training in their field of interest,
the chair is also expected to recruit and mentor a diverse cohort of faculty who offer a breadth of perspectives and approaches to scientific
interrogation that reflect this diversity, and to focus on career development for all trainees and faculty.

The SOM research mission is supported by excellent core facilities that include: high-throughput drug screening; genomics & sequencing;
proteomics; metabolomics; induced pluripotent stem cell production; transgenic animal model development; behavioral testing; physiological
phenotyping; human and small animal imaging; super-resolution microscopy; flow cytometry; structural biology; data management;

biostatistics; and computational biology & bioinformatics.

Applicants must have a PhD and/or MD or equivalent degree, with a record of scientific achievement recognized at the national/international
level by peer review and recommendations, demonstrated leadership and collaborative skills, dedication to the education and mentorship of
both trainees and faculty, and a commitment to prioritizing diversity and inclusion in their leadership roles. Appointment as a Professor of

Pharmacology with tenure is anticipated.

Applicants should submit a curriculum vitae, a letter of interest addressing research, educational, administrative and leadership goals, as well
as a statement of your commitment to diversity and inclusion to: Walter Boron MD, PhD, Pharmacology Chair Search Committee, c/o Lesa

Goodman (pharmacology-chair-search@case.edu).

In employment, as in education, Case Western Reserve University is committed to Equal Opportunity and Diversity. Women, veterans,
members of underrepresented minority groups, and individuals with disabilities are encouraged to apply. Case Western Reserve University
provides reasonable accommodations to applicants with disabilities. Applicants requiring a reasonable accommodation for any part of
the application and hiring process should contact the Olffice of Inclusion, Diversity and Equal Opportunity at 216-368-8877 to request
a reasonable accommodation. Determinations as to granting reasonable accommodations for any applicant will be made on a

case-by-case basis.
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Tenure Track Faculty Position
Environmental Resource

Biorecovery
at the Ecole polytechnique fédérale de Lausanne (EPFL)

The EPFL School of Architecture, Civil and Environmental Engineering (ENAC)
invites applications for a tenure track Assistant Professor of Environmental
Resource Biorecovery, located within the Institute of Environmental Engineer-
ing (Institut d’ingénierie de I'environnement, IIE).

Biological wastes generated from wastewater treatment, industry or agricul-
ture are a largely untapped source for production of value-added products or
energy. Their recovery utilizes biological and chemical processes that provide
alternative sources for chemical feedstocks for the production of different
products (e.g., plastics or other polymers, high-value chemicals, protein for
animal feed, enzymes). For instance, nutrients, cellulose, volatile fatty acids,
extracellular polymeric substances or proteins can be recovered from waste-
water and activated sludge. Similarly, many opportunities exist for alternative
energy products, e.g., bioethanol, biobutanol, biogas, biohydrogen or bioelec-
tricity. Resource biorecovery thus supports sustainability goals by reinjecting
products into the circular economy.

We welcome applications from experimentalists whose research interests
include wastewater, and who employ a range of investigative tools. In particu-
lar, candidates using multi-omics approaches combined with a systems biol-
ogy component are encouraged to apply. Within EPFL, the appointee will have
excellent opportunities for interdisciplinary collaborations spanning microbi-
ology, biochemistry, biosensing and biotechnology.

We seek an outstanding individual who will lead an internationally recognized
research program that leverages the opportunities offered by EPFL. The pro-
fessor will be committed to excellence in undergraduate and graduate level
teaching, and will contribute to the Environmental Engineering program, which
emphasizes basic and translational research as the foundation for environ-
mental adaption and engineering design.

EPFL is a growing and well-funded institution fostering excellence and diversity.
It is well equipped with experimental and computational infrastructure, and
offers a fertile environment for interdisciplinary research collaboration. The EPFL
environment is multilingual and multicultural, with English serving as a common
interface. EPFL offers internationally competitive start-up resources, salaries
and benefits. Besides its main Lausanne campus, EPFL operates antenna sites
across Western Switzerland, in Fribourg, Geneva, Neuchatel and Sion.

The following documents are requested in PDF format: cover letter including a
statement of motivation, curriculum vitae, publication list, concise statements
of research and teaching interests (up to 5 pages for each statement) as well
as the names and addresses, including emails, of at least three references
(may be contacted at a later stage).

Applications should be uploaded to the EPFL recruitment web site:

https:/facultyrecruiting.epfl.ch/position/28737538

Formal evaluation of the applications will begin on April 1, 2021. The search
will continue until the position is filled.

Further enquiries should be made to:
Prof. Tamar Kohn

Chair of the Search Committee
E-mail: searchhioresource@epfl.ch

Additional information on EPFL: www.epfl.ch/en, www.epfl.ch/schools/enac,
www.epfl.ch/schools/enac/research/environmental-engineering-insti-
tute-iie, www.epfl.ch/schools/enac/education/environmental

EPFL is an equal opportunity employer and a family friendly university. It is
committed to increasing the diversity of its faculty, and strongly encourages
women to apply.
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Paternot Faculty Chair
in Interdisciplinary Cancer
Research

at the Ecole polytechnique fédérale
de Lausanne (EPFL)

The School of Life Sciences of EPFL (Ecole polytechnique fédérale de
Lausanne) invites applications for a Full or Associate Professor posi-
tion in the field of Interdisciplinary Cancer Research.

This search is part of major initiatives in the Lake Geneva region to
promote cancer research, which is increasingly driven by integrating
research from different fields ranging from basic sciences to clinical
spheres. We are primarily seeking highly accomplished mid-career
candidates, although in exceptional cases more junior candidates will
be considered.

The successful candidate will develop an independent internationally
prominent research program in the broad domain of interdisciplinary
cancer research and its potential therapeutic applications, will par-
ticipate in both undergraduate and graduate teaching, and will su-
pervise PhD students and postdoctoral fellows. Candidates may work
on a wide range of cancer-specific areas including but not limited to:
cancer genetics, functional genomics and genome instability, epi-
genetic regulation of cancer genotypes, cancer metabolism, compu-
tational cancer genetics, bioengineering of cell-based therapies and
oncolytic viruses, or the chemical biology of cancer.

The successful candidate will be a part of EPFL's cancer research
institute (ISREC) and is expected to perform and coordinate highly
interactive biomedical research. This includes reaching out to EPFL's
interdisciplinary campus (Schools of Basic Sciences, Engineering,
and Information and Communication Technologies) and to Swiss
Cancer Center Leman, which brings together EPFL, the Universities
of Lausanne and Geneva and clinical departments of the Hospitals of
Lausanne and Geneva.

This chair will be financed by the ISREC Foundation, which actively
supports cancer research since 1964, most recently through the AG-
ORA building which hosts the core of the Swiss Cancer Center Leman.

Applications include a cover letter, a curriculum vitae, a list of publica-
tions, a synopsis of major accomplishments, and a concise statement
of future research agenda and teaching interests, along with the name,
address and e-mail of at least five references. Applications should be
uploaded as PDF files to the recruitment web site:

https://facultyrecruiting.epfl.ch/position/28737541
Formal evaluation of candidates will begin on
19 April 2021, and continue until the position is filled.

Enquiries may be sent to:

Prof. Freddy Radtke

Search Committee Chair

E-mail: cancer.research@epfl.ch

Foradditional information on EPFL and the Institute of Bioengineering,
please consult: www.epfl.ch, sv.epfl.ch

EPFL is an equal opportunity employer and family friendly university.
It is committed to increasing the diversity of its faculty. It strongly en-
courages women to apply.
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keep you on track.

Articles and resources to guide you through the process.
Options to save materials online and print them for further review and discussion.

Ability to select which portion of your IDP you wish to share with advisors,
mentors, or others.

A certificate of completion for users that finish myIDP.

Visit the website and start planning today!
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Tulane
University

FACULTY POSITION IN
DEVELOPMENTAL/REGENERATIVE BIOLOGY

The Department of Cell and Molecular Biology, one of the most highly
funded departments at Tulane University (https://sse.tulane.edu/cell), has
two major research directions: developmental biology and neuroscience.
We anticipate filling a tenure-track position at the Assistant Professor or
Associate Professor rank, beginning July 1, 2021 (or January 1, 2022).
Targeted are candidates whose research interests focus on Developmental
and/or Regenerative Biology.

Applicants for the assistant professor position must have a Ph.D., at
least 2 years of postdoctoral experience, a strong publication record, and
show strong potential for obtaining external funding. Applicants for the
associate professor position should have a strong, established research
program supported by external funding. Experience in genome-wide
studies is considered desirable. The successful applicant will be expected
to establish a vigorous, independent research program and to participate
in graduate and undergraduate teaching. Opportunities exist for research
collaborations with, and participation in, the Tulane Neuroscience
Program, the newly founded Tulane Brain Institute, the Tulane National
Primate Research Center, the Tulane Center for Aging, and the Tulane
Cancer Center.

All applicants should submit their curriculum vitae, a brief statement of
research interests and three letters of recommendation via the link: apply.
interfolio.com/83783. Application deadline is April, 15, 2021 (or open
until the position is filled).

Tulane University is an Equal Opportunity/Affirmative Action/ADA
Employer and encourages minority and female applicants to apply.
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WORKING LIFE

By Naomi Dalchand

958

A perfect illusion

n the morning of my Ph.D. qualifying exam, I rolled out of bed, showered, and slid into my navy
blue blazer and matching checkered pants. Next came the makeup. I brushed on a layer of foun-
dation and drew thick black lines around my eyes—a look that signified the boldness I wanted
to embody during my presentation. I put on heels and walked around my apartment, a test
drive to ensure I wouldn’t collapse on the floor in pain. After a few laps, I looked in the mirror.
I felt confident—ready to face the members of my Ph.D. committee and answer whatever ques-
tions they threw at me. It’s a strategy I developed thanks to an unlikely inspiration: Lady Gaga.

I've always struggled with being
confident. As an undergraduate, my
heart pounded whenever I raised my
hand to answer questions posed by
professors. I knew the material, but
the prospect of getting the answer
wrong in front of all my classmates
was daunting.

Later, in graduate school, I espe-
cially feared giving presentations
about my research. Beforehand, I
would practice for hours on end.
I knew I risked sounding rehearsed
and boring, but calming my nerves
was more important. The practice
helped somewhat, but on presenta-
tion day, I still sounded flustered.

I pored over books to find the best
ways to format and outline a presen-
tation. If I had clear slides, I reasoned,
maybe then I'd have the courage to
speak with authority. I ended up with
well-designed slides, but I could not present them any better.

Unlocking the key to my confidence was much more dif-
ficult than I anticipated. I realized I couldn’t expect to wake
up one day, look in the mirror, and say, “OK, today is the big
day; today I am going to be confident.” But perhaps I could
find a creative solution that would work for me.

The breakthrough came during the month before my
qualifying exam—a major milestone in my Ph.D. program
that triggered waves of self-doubt—when I listened to a
Lady Gaga album titled Joanne. As an avid fan, I noticed
it sounded completely different from her past albums. She
had switched from her usual dance-pop to soft rock and
country, and her outfits—now cowgirl getups—had changed
as well. I was intrigued. Lady Gaga was taking a huge pro-
fessional risk, but she was confident in the music she re-
leased, confident in herself, and confident in her ability to
adopt a new image.

That got me thinking: Could I do something similar be-
fore I stepped on stage? My naturally shy and quiet per-

“My naturally shy and quiet
personality was not exactly ideal
for public speaking.”

sonality was not exactly ideal for
public speaking, so I thought about
the traits and the image I wanted my
professional self to possess. I pictured
a steady, clear voice and a tall, com-
manding stance. I imagined myself
as the expert in the room who wasn’t
afraid to say, “I'm not sure.” I thought
about the moments when I felt the
most put together, when I wore pro-
fessional clothing and highlighted
my features through makeup. To
me, makeup wasn’t a mask. It sig-
nified boldness, femininity, and
self-assurance—all traits I associated
with strength and power.

I experimented with the idea dur-
ing a practice presentation at home.
I stood next to my laptop in profes-
sional attire, speaking loudly and
fluidly—a sharp contrast to my usual
practice routine, which involved sit-
ting at my desk in pajamas speaking quietly. It was a prom-
ising start. I decided to give my new presenter persona a try
at my qualifying exam.

When I walked into the exam room, I was pleased to dis-
cover I had a newfound confidence. Sure, I was nervous, but
an unfamiliar sense of calm rushed through me as soon as
I began my talk. I was able to answer questions without a
quaver in my voice, and I took ownership of the work I pre-
sented. Finally, I was the expert. At that moment, I realized
that we either succumb to feelings of doubt or find innova-
tive ways to overcome them.

In the years since, my presenter persona has given me con-
fidence during many talks and interviews, and I've become
more comfortable transforming into this role when neces-
sary. There’s no surefire way to become a confident presenter.
But thanks to Lady Gaga, I now have a strategy that works.

Naomi Dalchand is a Ph.D. student at Northwestern University.
Send your career story to SciCareerEditor@aaas.org.
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Energy Material
Advances

Energy Material Advances is an online-only, Open Access journal published in affiliation with Beijing Institute
of Technology (BIT) and distributed by the American Association for the Advancement of Science (AAAS).
The journal publishes, research articles, review articles, short communications, perspectives, and editorials. Energy
Material Advances covers multiple fields from cutting-edge material to energy science, investigating theoretical,
technological as well as engineering aspects.

Submit your research to Energy Material Advances today!
Learn more at spj.sciencemag.org/energymatadv

The Science Partner Journal (SPJ) program was established by the American Association for the Advancement of Science (AAAS), the
nonprofit publisher of the Science family of journals. The SPJ program features high-quality, online-only, Open Access publications produced
in collaboration with international research institutions, foundations, funders and societies. Through these collaborations, AAAS furthers its
mission to communicate science broadly and for the benefit of all people by providing top-tier international research organizations with the
technology, visibility, and publishing expertise that AAAS is uniquely positioned to offer as the world's largest general science membership society.

Visit us at: spj.sciencemag.org
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AAAS, publisher of the Science family of journals, thanks the sponsors
of the virtual 2021 AAAS Annual Meeting:
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Japan Society for the Promotion of Science, Library of Congress: Congressional
Research Service, MIT Press, National Institute of Justice,
National Institute of Neurological Disorders and Stroke, National Science Policy Network,
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Sciline, Sigma Xi, Society for Science & the Public, University of Washington
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