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I
n a galaxy far, far away (a billion light years away, to 

be more precise), two massive black holes merged. 

Spacetime twisted, contorted, and rearranged itself 

in dramatic fashion, and ripples within its very 

fabric shot out across the cosmos. Occurrences like 

this happen hourly somewhere in the universe. 

What is notable is that on Earth, we detected these 

ripples, an event now known as GW150914. In the frac-

tion of a second that we “heard” black holes shake up 

spacetime, a new window on the universe was opened 

where we hope to hear more black holes, cosmic phase 

transitions, and even the 

birth of the universe. The 

last big prediction of gen-

eral relativity—the existence 

of gravitational waves—has 

been directly confi rmed, 

and we now have a new way 

of advancing our under-

standing of gravity, the force 

that shapes our universe.

Galileo Galilei urged, 

“Measure what is measur-

able, and make measurable 

what is not so.” The team 

of scientists that built the 

Laser Interferometer Grav-

itational-Wave Observatory 

(LIGO) did the latter, big 

time. On 14 September 2015, 

during its fi rst engineering 

run, spacetime ripples from 

GW150914 wiggled the sepa-

ration of mirrors 4 km apart 

in the LIGO detectors, situ-

ated in Hanford, WA, and 

Livingston, LA, by about 

10–16 cm, one-thousandth 

the size of a proton. They made the too-small-to-mea-

sure measurable by using interferometry, a technique 

invented by physicist Albert A. Michelson, the fi rst No-

bel Prize winner from the United States. Galileo must 

be smiling. GW150914 not only awed scientists but also 

captured the attention and imagination of much of hu-

manity, which is no small feat. 

This is big science well done. Researchers identifi ed 

a lofty and worthy goal, and the U.S. National Science 

Foundation (NSF), in partnership with the California 

Institute of Technology and the Massachusetts Institute 

of Technology, funded and stuck with it until they suc-

ceeded, a timeline of almost 50 years. There were ups 

and downs. The brilliant invention of the fi rst gravita-

tional-wave antenna by physicist Joseph Weber was fol-

lowed by false-alarm detections. NSF built LIGO in the 

face of skepticism by astronomers, and had to reorga-

nize the project after an early management meltdown. 

Although the world of science today is more globally 

collaborative than competitive, there is still a place for 

national pride and strategic commitment. Just as Japa-

nese scientists targeted neutrinos for their research in 

elementary particle physics and are proud of their great 

discoveries in that area (including a 2015 Nobel Prize in 

Physics), U.S. scientists can 

be proud of U.S. leadership 

in the discovery of gravita-

tional waves.

In “The Chirp Heard 

Across the Universe,” the 

New York Times editorial 

board argued that the jus-

tifi cation for NSF’s billion-

dollar investment in LIGO 

was simply curiosity about 

our place in the universe, 

with no expectation that 

it would lead to “a better 

toaster.” I agree, but that is 

not the whole story. Among 

federal science agencies, 

NSF is unique in its mission 

to fund discovery science; 

it is the throw-deep agency 

committed to satisfying the 

boundless curiosity of our 

species. And, if history is 

any guide, some of the new 

knowledge generated by 

these discoveries will result 

in future technological ad-

vances that transform our very existence. Michael Fara-

day’s tinkering with magnetism in the 19th century led 

to the science that underpins everything that involves 

electricity and light, making good on his reply to British 

Chancellor of the Exchequer William Gladstone when 

asked about the utility of his research: “One day, sir, you 

may tax it.” 

GW150914 may have been an ordinary event in the 

larger cosmos, but here on Earth, it marked an extraor-

dinary scientifi c milestone by a very curious species. 

And best yet, we still don’t know where it will all lead. 

NSF, keep throwing deep!

– Michael S. Turner 

Throwing deep

Michael S. Turner 

is director of the 

Kavli Institute 

for Cosmological 

Physics at the 

University of 

Chicago, Chicago, 

IL, and the former 

assistant director 
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for funding 

Advanced LIGO. 

E-mail: mturner@

kicp.uchicago.edu
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“GW150914…marked an 
extraordinary scientifi c milestone 

by a very curious species.”
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Supercomputer 

simulation of 

spacetime during a 

black hole merger
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AROUND THE WORLD

China to create its own ‘DARPA’
BEIJ ING |  China is putting military 

R&D under the oversight of the People’s 

Liberation Army (PLA), forming a new sci-

ence and technology committee to manage 

defense R&D. That committee, in turn, 

is now creating a new agency it claims is 

modeled after the U.S. Defense Advanced 

Research Projects Agency. According to 

a spokesperson for China’s Ministry of 

National Defense, the committee, known 

in Chinese as junweikejiwei, is designed to 

meet the needs of China’s ongoing military 

modernization. China’s central government 

plans to spend $147 billion on defense this 

year; the amount allotted to defense R&D 

is a state secret. The new committee is 

headed by Liu Guozhi, an applied physicist 

and academician of the Chinese Academy 

of Sciences. An expert on high-power 

microwaves, he formerly commanded the 

Malan nuclear test base in Xinjiang, China, 

and was deputy director of the dissolved 

PLA General Armaments Department. The 

committee will strengthen management of 

defense science and technology, promote 

indigenous innovation in national defense, 

and coordinate integrated development 

of military and civilian technologies, the 

spokesperson says. http://scim.ag/ChinaDARPA

Google AI wins Go battle
SEOUL   |   Google’s DeepMind computer 

program AlphaGo has beaten the human 

world champion, South Korea’s Lee Sedol, 

four games to one in the ancient game of 

Go. Although IBM’s chess program Deep 

Blue beat world chess champion Garry 

Kasparov in 1997, Go was considered far 

more dif  cult for artifi cial intelligence 

to crack: Its rules are simpler, but brute 

force computation is a less viable strategy 

because of the number of possible arrange-

ments of the game’s black and white 

stones. However, this year, Google and a 

rival team at Facebook started to apply 

deep neural networks to Go, giving com-

puters a way of learning by themselves. 

This week’s win earned DeepMind a 

$1 million prize and bragging rights—but 

the games themselves aren’t really the 

T
he European/Russian Trace Gas Orbiter (TGO) mission, the 

fi rst installment in the two-part ExoMars program, lifted of  

this week, beginning its 7-month trajectory to Mars. The TGO’s 

main aim is to detect and map emissions of methane around 

the Red Planet. A previous European Space Agency mission, 

Mars Express, detected methane in 2004 while circling the 

planet. Further detections—from orbit, on the surface, and by Earth-

bound telescopes—have not determined whether the gas is produced 

by a geological process, by microbes that once lived on the planet, or 

even by microbes that survive today. A pair of highly sensitive spectro-

meters on the TGO may put the matter to rest. The mission also 

carries an experimental lander called Schiaparelli, designed to test 

landing technologies that will pave the way for part two of ExoMars: 

a rover to be launched in 2018 that can drill 2 meters below the sur-

face in search of signs of life. Also in 2018, NASA will launch a Mars 

lander called InSight, the agency announced last week (http://scim.ag/

InSightdelay). Designed to measure marsquakes, InSight was delayed be-

cause of a leak in the vacuum seal surrounding its seismometer.

Methane-snif  ng mission heads to Mars

NEWS
I N  B R I E F

“
Never pick your career based on a Dustin Hof man 

movie—but at least in my case, it’s worked out.

”Medical epidemiologist Jennifer Gardy of the British 

Columbia Centre for Disease Control in Vancouver, Canada, to STAT last 

week, referring to the movie Outbreak. 

ExoMars lifted of  from 

Baikonur, Kazakhstan, 

on 14 March.
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point. Google and Facebook will likely 

move on to other challenges, just as IBM 

did. “Where they’re trying to get to is a 

[computerized personal assistant like] Siri 

that actually works,” says Dave Sullivan, 

a deep neural net expert and CEO of 

Ersatz Labs in Pacifi ca, California. 

“That will be a game-changer.” 

http://scim.ag/AlphaGowins

EPA to further limit methane 
WASHINGTON, D.C. | The Obama 

administration announced plans last 

week to further reduce U.S. emissions 

of methane, a potent warming gas, by 

extending regulations that now apply to 

new oil and gas wells. Companies will be 

required to capture methane that acciden-

tally leaks from wells on public lands and 

also to limit venting and burning of excess 

gas. Last August, the U.S. Environmental 

Protection Agency (EPA) in Washington, 

D.C., announced plans to regulate these 

emissions from new and modifi ed wells as 

part of a plan to reduce overall methane 

emissions by at least 40% by 2025. But 

to reach that goal, existing wells must be 

included, said EPA Administrator Gina 

McCarthy on 10 March. “We intend to work 

quickly,” McCarthy said, but it is unclear 

whether EPA can fi nalize the rule before a 

new president takes of  ce in January 2017. 

Meanwhile, industry groups worry compli-

ance will be expensive. 

FDA OKs GM mosquito trial 
WASHINGTON, D.C. | A proposed fi eld trial 

with genetically modifi ed (GM) mosqui-

toes in Florida won’t harm humans or 

the ecosystem, the U.S. Food and Drug 

Administration (FDA) says in a prelimi-

nary fi nding released on 11 March. A U.K. 

company named Oxitec plans to release 

millions of male Aedes aegypti unable to 

produce viable of spring in Key Haven, 

just east of Key West; the hope is that 

by breeding with local females, they will 

reduce local populations of the mosquito, 

which can transmit the viruses that cause 

dengue, chikungunya, and Zika. There’s 

strong local opposition to the study, but 

FDA says Oxitec’s mosquitoes are very 

unlikely to cause toxic reactions, contrib-

ute to insecticide resistance, or spread 

disease. The fi ndings and Oxitec’s own risk 

assessment are open for public comment 

for the next 30 days, after which FDA will 

release a fi nal verdict.

NEWSMAKERS

German minister keeps degree
German defense minister Ursula von 

der Leyen, who in August 2015 faced 

accusations of plagiarism in her 1990 

dissertation (Science, 2 October 2015, 

p. 14), will be allowed to keep her doctor 

of medicine degree. An ethics committee 

at the Hannover Medical School (MHH) in 

Germany found that the work was indeed 

missing citations, but that the mistakes 

did not constitute misconduct. It con-

cluded that the problems were mainly in 

the introduction, not in the description 

of her experimental work. On 10 March, 

the MHH Senate voted not to revoke her 

degree. Von der Leyen, who has been 

seen as a possible successor to Chancellor 

Angela Merkel, is the latest in a string of 

high-profi le German politicians whose dis-

sertations have been questioned by online 

plagiarism hunters. 

Three Qs
In January, science historian Mark Carey 

of the University of Oregon, Eugene, co-

authored a paper in Progress in Human 

Ebola painting, baby light therapy photo win awards

M 

a 

Siri 

n, 

to 

be 

den-

and 

cess 

tal

S
cientif c visualizations often provoke viewers to recognize beauty even in the deadly 

or mundane. This detailed watercolor painting of an Ebola virus continues that 

tradition: It reveals elegant blue treelike proteins—which attach to cells the virus 

infects—sprouting from the pink membrane surrounding the virus; yellow RNA is 

encapsulated in its interior. The image, painted by molecular biologist David Goodsell 

of the Scripps Research Institute in San Diego, California, was named the overall winner 

of the 2016 Wellcome Image Awards at a ceremony 15 March at the Science Museum, 

London. Another winner shows a premature baby in an incubator, bathed in ultraviolet 

light, a treatment for jaundice. For this image, photographer David Bishop received the 

f rst Julie Dorrington Award for Outstanding Clinical Photography in a clinical environ-

ment. “It perfectly captured the vulnerability of a newborn, whilst keeping a respectful and 

discreet distance from the subject,” wrote judge and BBC Medical Correspondent Fergus 

Walsh. Both images were chosen out of 20 selected images acquired by Wellcome Images 

(part of the London-based Wellcome Library). 

At Oxitec, larvae of genetically modif ed

mosquitoes surround a technician’s brush.
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Geography suggesting that more inclu-

sion of research and narratives by women 

about glaciers—a “feminist glacio logy 

framework”—would aid knowledge of the 

cryosphere. Now, Carey—a recipient of 

several National Science Foundation (NSF) 

grants over the years—has become the 

target of conservative bloggers, part of an 

ongoing controversy about NSF-funded 

research. http://scim.ag/femglaciology

Q: How do you feel about the brouhaha?

A: The good news is that people are talk-

ing about glaciers! But there’s much more 

to the story. People and societies impose 

their values on glaciers when they discuss, 

debate, and study them. The attention dur-

ing the last week proves our point clearly: 

that glaciers are, in fact, highly politicized 

sites of contestation. Glaciers don’t have 

a gender. But the rhetoric about ice tells 

us a great deal about what people think of 

science and gender. 

Q: What is an example of feminist geography 

improving knowledge?

A: If one goal of glacier research is to help 

the people living in places like the Alps 

and Alaska adapt to shrinking glaciers … 

then it is important to study more than 

the physical properties of ice. Our paper 

argues that social science and humanities 

research can contribute to the develop-

ment of strategies … to adapt to change. 

A woman’s experience securing post-

disaster aid, rebuilding a home, and 

raising a family after a glacial lake out-

burst fl ood has destroyed her community 

is dif erent than those of men.

Q: A “man versus nature” framework is 

inherent in many geo-stories. How does it 

af ect research?

A: Our paper suggests that these broader 

societal classifi cations have historically 

infl uenced the reception of science [con-

ducted by women]—with men’s science 

more valued. Do we still privilege the heroic, 

risk-taking, conquest-oriented scientifi c 

projects (like data gathering in Antarctica) 

over “mundane” projects that don’t involve 

adventure and risk into wild nature? Note 

that we are [not] talking about individual 

scientists, which is not the point.

A tyrannosaur ‘missing link’ 

T
he earliest ancestors of Tyrannosaurus rex lived 170 million years ago and were 

just human-sized. By its heyday 68 million years ago, T. rex was up to 12 meters 

long. Ef orts to track the evolution of modest-sized early tyrannosauroids into 

large tyrannosaurs have been stymied by a time gap in the fossil record between 

100 million and 80 million years ago—but new 90-million-year-old fossils from 

Uzbekistan of er a clue to this dramatic increase in size, report paleontologist Stephen 

Brusatte of the University of Edinburgh in the United Kingdom and colleagues this week 

in the Proceedings of the National Academy of Sciences. The fossils, which include a 

skull, suggest that the species (Timurlengia euotica) was still only horse-sized. But the 

skull has an unusually complex inner ear apparatus, typical of later tyrannosaurs like T. 

rex, with a long cochlear duct, a canal in the inner ear associated with the ability to hear 

low-frequency sounds—such as prey creeping through the underbrush. That improved 

hunting ability gave the animals the calories they needed to maintain larger sizes, mak-

ing them apex predators, the team suggests. http://scim.ag/tyrannosaurears

BY THE NUMBERS

13.1
million

Number of people along the U.S. coast 

that could be at risk from f ooding by 

2100 if sea levels rise by 1.8 meters, an 

upper-end projection by the National 

Oceanic and Atmospheric Administration 

(Nature Climate Change).  

182
Number of species listed by the U.S. 

Endangered Species Act that would have 

enough funds for protection if some 

money—$17 million—is transferred from 

endangered species that are declining 

despite being “overfunded” (Proceedings of 

the National Academy of Sciences).  

$37
million

 Public health money saved by the 

Centers for Disease Control and 

Prevention’s food poisoning reporting 

system PulseNet, which prevented 

2819 Escherichia coli cases and 

16,994 salmonella cases from 

1996 to 2009 (American Journal of 

Preventive Medicine).

Timurlengia euotica’s keen 

hearing may have been the 

key to the large size of its later 

relative, Tyrannosaurus rex.
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By Adrian Cho

L
ater this month, physicists will rev up 

the world’s biggest atom-smasher—the 

Large Hadron Collider (LHC) at the 

European particle physics laboratory, 

CERN, in Switzerland—for this year’s 

run. They are eagerly awaiting the 

fi rst new data, due in May, as last year’s run 

ended with a clif -hanger. The LHC blasted 

out hints of a new fundamental particle—po-

tentially the fi rst in decades to come as a sur-

prise—and thousands of physicists now want 

to see whether those signs will pay out.

Many urge caution. “If it’s real, it is like 

opening a window onto a new world,” says 

Beate Heinemann, an experimentalist at the 

University of California, Berkeley, who works 

on ATLAS, one of four particle detectors 

fed by the LHC. But, she adds, “by far the 

most likely explanation is that it’s a statisti-

cal fl uctuation.” Sally Dawson, a theorist at 

Brookhaven National Laboratory in Upton, 

New York, agrees. “To me, it’s a little under-

whelming,” she says. “We see bumps all the 

time and they come and they go.”

If real, the new particle would resemble 

the LHC’s previous big discovery, the famed 

Higgs boson—the last particle predicted by 

physicists’ tried and true explanation of fun-

damental forces and particles, the standard 

model. The LHC smashes protons together 

at unprecedented energies. In December 

2011, experimenters with both ATLAS and its 

rival, the CMS detector, reported signs that 

those collisions were blasting into existence 

a particle 133 times as massive as a proton, 

which quickly decayed into a pair of pho-

tons, just as the Higgs was expected to do. By 

July 2012, researchers had seen the particle 

decaying in other predicted ways and had 

enough data to claim a discovery.

The putative new particle would seem to 

be emerging in much the same way. Last De-

cember, the ATLAS and CMS teams reported 

hints of a particle that also decayed into two 

photons, but with a mass 800 times that of 

a proton, as deduced from the photons’ en-

ergies. Those protosignals appear as “mass 

peaks” poking out of a background pro-

duced by pairs of random photons. There’s 

a roughly one in 50 chance that a back-

ground fl uctuation could produce a peak like 

ATLAS’s—a chance far too large to allow the 

team to claim a discovery—and CMS sees an 

even smaller blip. Still, says Linda Carpenter, 

a theorist at Ohio State University, Columbus, 

“the thing that excites people is that both ex-

periments see a similar bump at the same 

mass.” (As Science went to press, both teams 

were planning to update their results on 

18 March at a conference in La Thuile, Italy.)

Some physicists think that the new beast 

is just another, heavier Higgs. The fact that 

it decays into two photons shows that it, too, 

is a boson and has spin equal to an integer 

multiple of a basic quantum called Planck’s 

constant. Many theories that aim to extend 

the standard model posit multiple Higgs bo-

sons, says Mayda Velasco, an experimental-

ist at Northwestern Universit, in Evanston, 

in Illinois, who works on CMS. “For me that 

would be the easiest way to explain it: that 

it is one of the extra Higgses that should be 

fl oating around,” she says.

But other physicists say that the putative 

particle is not behaving like a Higgs. In ad-

dition to decaying into a pair of photons, 

the Higgs can also decay into a pair of parti-

cles called Z bosons or into a W– boson and 

a W+ boson. Yet, so far, the LHC’s new boson 

seems to decay only into photons.

One explanation for the absence of W and 

Z decays is the infl uence of still other un-

discovered particles. To see how they might 

intervene, consider how the Higgs decays 

into photons. Photons interact only with 

charged particles, so the uncharged Higgs 

can’t decay into them directly. Instead, it 

I N  D E P T H

Giant atom-smasher gears up 
to chase whif  of new physics
Hints of a massive new particle at the Large Hadron 
Collider have physicists abuzz —and eager to follow up

PARTICLE PHYSICS

CERN’s ATLAS 

detector may have 

glimpsed a partner 

of the Higgs boson.

Higgs boson

Time

W-

W-

W+

Photon

Photon

The Higgs, gone in a flash
A Higgs boson decays into photons through a “loop” 
of particles such as W bosons. The decay of the 
potential new particle may require loops with more 
new particles.
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By Warren Cornwall

W
hen record-setting rainstorms 

drenched the southern United 

Kingdom in early 2014, causing 

more than $500 million in dam-

age, many wondered whether cli-

mate change had played a role. 

Two years later, scientists had 

an answer: Yes, it very likely did, 

they reported last month in Na-

ture Climate Change, concluding 

that a warming planet had sub-

stantially raised the probability 

of such storms.

The fi nding is just one product 

of an emerging fi eld known as 

event attribution science. Over 

the last dozen years, scientists 

have gone from saying it is im-

possible to link climate change 

to any single bout of bad weather 

to confi dently declaring that, 

in certain cases, they can. Last 

week, the fl edgling fi eld got an 

independent vote of confi dence 

from an expert panel assembled 

by the U.S. National Academies 

of Science, Engineering, and 

Medicine. “It is now possible to 

estimate [the] infl uence of cli-

mate change on some types of 

specifi c extreme weather events 

and in particular, heat and cold 

events, drought, and precipita-

tion,” said retired U.S. Navy Rear 

Admiral David Titley, the com-

mittee chair and director of the Pennsylvania 

State Center for Solutions to Weather and 

Climate Risk in University Park.

Although the panel warned against over-

stating current attribution capabilities, it 

noted that the fi eld is advancing rapidly. 

Some research teams, for instance, are work-

ing to shorten the time it takes to make attri-

butions from the years now required for the 

complex computer modeling and peer review 

to just weeks or days. Policymakers, mean-

while, are eyeing the possibility that attribu-

tion science could end up in the courtroom, as 

those harmed by climate-driven weather try 

to extract damage payments from those who 

produce greenhouse gases. “The dialogue 

becomes not ‘Is climate change happening?’ 

but ‘Who’s responsible for that?’” says attor-

ney Lindene Patton in Great Falls, Virginia, a 

former insurance executive and an author of 

Climate Change and Insurance, a 2012 book 

from the American Bar Association. 

The fi rst major study that tried to link a 

specifi c weather event to climate change was 

published in Nature in 2004. That analy-

sis found that global warming had at least 

doubled the chances of a 2003 heat wave 

associated with more than 70,000 deaths in 

Europe. To make the link, researchers relied 

on historic temperature records and comput-

erized climate simulations. The simulations 

allowed the scientists to compare how dif er-

ent levels of warming gases af ected the risk 

of heat waves. Since then, a string of similar 

studies have linked climate change to heat 

waves in Russia and Australia, several rounds 

of fl ooding in the United Kingdom, and a 

Texas drought, among other weather events.

spawns a charged particle and its antipar-

ticle, such as a W+ and a W–, that instantly 

radiate the photons and annihilate each 

other (see fi gure, p. 1248). When the decay 

is sketched on paper, the W+ and W– form 

a closed loop, so the decay is called a “loop 

process.” The new boson would make pho-

tons in the same way, physicists assume. 

However, loop processes could also explain 

why the new particle doesn’t decay to Zs or 

Ws: Other new particles could race around 

in loop processes that cancel out the decays 

into Zs or Ws.

Excited by the prospect of a bevy of new 

particles, theorists have wasted no time in 

trying to fi gure out how they might fi t into 

theories that extend the standard model. In 

3 months, some 300 papers addressing the 

LHC’s bumps have appeared on the arXiv.

org online preprint server. For example, 

Carpenter and colleagues apply a concept 

called supersymmetry, which posits that ev-

ery standard model particle has a massive 

superpartner with a dif erent spin. The sim-

plest supersymmetric models won’t cut it, 

she says, but so-called R-symmetric super-

symmetry might. The new boson would be a 

hypothetical particle called a sbino, and the 

supporting cast of other particles would be 

superpartners to particles like the W.

But other theorists have explained the 

new particle in other ways: It could be a 

manifestation of extra spatial dimensions, a 

so-called axion (a particle invented to solve 

a certain technical problem in the theory 

of the strong nuclear force), an of shoot of 

string theory, or a new Z boson, to name 

a few. The list suggests that theorists can 

shoehorn the new particle into any exist-

ing beyond-the-standard-model theory. And 

the sheer number of dif erent approaches 

shows that, even if the new particle is real, 

physicists may need years to fi gure out 

what’s really going on. “Particles themselves 

don’t tell you anything,” Dawson says. “It’s 

only when you put them together into the 

bigger picture” that insight comes.

Still, particle physicists would be de-

lighted to have to puzzle over such things. 

After all, in 30 years they haven’t spotted 

anything the standard model can’t ex-

plain—except for the discovery that neu-

trinos have mass. Fortunately for them, 

they should soon know whether the new 

particle is real. Last year was the fi rst in 

which the LHC ran full throttle instead of 

at half energy. Data taking started slowly, 

but it came on strong toward the end of 

the year. Physicists now expect to collect 

six times as much data this year, more than 

enough to put the supposed signals to the 

test, Velasco says. “If we start up where we 

left of —poom!—we will be able to tell in a 

few months.” j
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Ef orts to link climate change 
to severe weather gain ground
U.S. academies fi nd researchers getting better at attributing 
heat waves, cold snaps, and other events to climate trends

CLIMATE SCIENCE

Better climate models are revealing the role of climate change in 

severe weather events, such as heavy rains in the Philippines in 2015.

NEWS
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nly a bit of the DNA coiled inside the 

cells of Europeans and Asians comes 

from Neandertals, but those snippets 

have sparked a fl urry of research. In 

the past few years, researchers have 

traced them to one or two ancient 

encounters with our extinct cousins. Now, a 

report published online in Science this week 

details a far richer sexual past for modern 

humans and their archaic cousins, one that 

played out at multiple times and places over 

the past 60,000 years. 

By developing powerful new statistical 

methods, an international team has iden-

tifi ed how often and on which continents 

modern humans, Neandertals, and a second 

kind of archaic human called Denisovans 

met and mated. The researchers conclude 

that if you’re an East Asian, you have three 

Neandertals in your family tree; Europeans 

and South Asians have two, and Melane-

sians only one. (Africans, whose ancestors 

did not mate with Neandertals, have none.) 

Today, advances in computer models have 

made it easier to do attribution analyses, says 

climate scientist Peter Stott, the lead author 

of the 2004 study and head of the Climate 

Monitoring and Attribution program at the 

Met Of  ce in Exeter, the United Kingdom’s 

weather service. New models have fi ner spa-

tial resolution than past versions, improv-

ing from about 280 square kilometers to 60, 

making it easier to see how climate change 

might a! ect weather events that often are, 

by global standards, relatively compact. A 

growing number of competing global climate 

models also means scientists can run similar 

simulations in multiple models and then see 

whether the results agree. Stott notes his ini-

tial paper relied on just one model, but now 

“the sophistication has increased.” 

Still, some types of weather events are 

easier to attribute than others, the National 

Academies panel noted in its report, re-

leased on 11 March. Researchers can ana-

lyze with relatively high confi dence how 

climate change contrib-

utes to heat waves and 

cold snaps, it concluded. 

Although a warming 

climate is expected to 

infl uence water cycles, 

intense rainfall is trickier 

to attribute because it’s 

harder to produce ac-

curate simulations, and 

droughts are subject to a 

host of variables, such as human alterations 

to the landscape.

Other events, such as hurricanes, still 

defy attribution, the panel found. In part, 

that’s because even big hurricanes are still 

too small and complex to capture in global 

climate models, says Tom Knutson, leader of 

the Climate Impacts and Extremes group at 

the National Oceanic and Atmospheric Ad-

ministration’s Geophysical Fluid Dynamics 

Laboratory in Princeton, New Jersey. And 

although some researchers have argued that 

climate change should a! ect hurricane fre-

quency or intensity, historical data are often 

too sparse to test those claims. One recent 

study, for instance, suggested that an uptick 

in the number of cyclones passing near the 

Hawaiian Islands in 2014 was connected to 

rising greenhouse gases. But Knutson isn’t 

persuaded, saying “it doesn’t have the but-

tressing of additional support of long-term 

observational trends.”

Such issues mean attribution science still 

has “a lot of room for improvement,” Titley 

said. One advance that scientists are pursu-

ing is speeding up their analyses. The Met Of-

fi ce is gearing up to start o! ering conclusions 

immediately on the heels of some weather 

events by late 2017, Stott says. A similar ini-

tiative, called the World Weather Attribution 

(WWA) program, has already taken its fi rst 

tentative steps. Last year, within a week of 

record-setting rainfall in the United Kingdom 

and a European heat wave, the group issued 

reports concluding that the odds of these 

weather patterns had increased. 

To achieve this speed, researchers are do-

ing the modeling in advance, by developing a 

wide range of weather scenarios and testing 

how climate change a! ects the odds of each 

one. Once a real event occurs—such as a heat 

wave—they can compare it to the scenarios 

to see whether climate change has made that 

particular freak event more likely.

This kind of prefabricated approach should 

allow scientists to provide the quick answers 

that the public, media, and policymakers of-

ten ask for, says Heidi Cullen, chief scientist 

for Climate Central, a Princeton, New Jersey–

based nonprofi t that promotes research and 

journalism on climate change. She is over

seeing the WWA program, which also in-

volves university and government scientists 

in Europe and Australia.

Ultimately, such ef-

forts could have implica-

tions in legal settings and 

international diplomacy. 

The United Nations 

(U.N.) climate agreement 

struck last year in Paris 

notes the importance of 

exploring ways to com-

pensate developing coun-

tries for the “loss and damage” caused by 

climate shifts. Some countries, such as small 

island nations threatened by sea-level rise, 

are already pressing for fi nancial support 

from industrialized nations responsible for 

the bulk of greenhouse gas emissions. Those 

demands include compensation for extreme 

weather, too, says Friederike Otto, a scientist 

working on attribution at the University of 

Oxford in the United Kingdom. She’s been 

contacted by a U.N. of  ce preparing for a 

2016 U.N. conference in Morocco, which is 

supposed to work out details of the loss and 

damage program.

Insurance companies are also monitor-

ing the fi eld, says Patton, the insurance ex-

pert. Architects, planners, and engineers, 

for instance, could be hit with lawsuits over 

whether they properly considered climate 

change when designing infrastructure such 

as fl ood-control levees, she says. 

Some lawyers are also eyeing the possi-

bility of pursuing weather-related damage 

claims against major carbon polluters, such 

as fossil fuel companies. In 2015, two attor-

neys for the London-based environmental 

fi rm ClientEarth took to the pages of Nature 

Geoscience to o! er this advice to climate at-

tribution scientists: “Be prepared to testify as 

an expert witness.” j

NEWS   |   IN DEPTH

Five matings 
for moderns, 
Neandertals 
Powerful genetic studies 
pin down multiple trysts on 
dif erent continents

HUMAN EVOLUTION 

“The dialogue becomes 
not ‘Is climate change 
happening?’ but ‘Who’s 
responsible for that?’” 
Lindene Patton, insurance expert

By Ann Gibbons

Published by AAAS
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ago or so. And this week, the same team re-

ports interbreeding between Denisovans and 

440,000-year-old ancestors of Neandertals.

All this mixing has resulted in a patch-

work of archaic DNA segments in modern 

human genomes. Tracing the source of each 

segment isn’t easy, in part because Neander-

tals and Denisovans were closely related. 

In Melanesians, for example, “up to 20% of 

the time when we say a segment matches a 

Neandertal, it’s Denisovan,” says population 

geneticist Joshua Akey of the University of 

Washington, Seattle, who led the new study.

So Akey’s team developed a statistical 

method to help identify and classify archaic 

DNA more reliably. They sequenced the ge-

nomes of 35 Island Melanesians, who carry 

more archaic DNA than any other group, 

and also analyzed the genomes of nearly 

1500 other people around the world. They 

used the sequence data to fi nd chunks of 

DNA likely inherited from archaic ancestors. 

Then they used new statistical methods to 

see how reliably they could classify the ar-

chaic DNA as Neandertal or Denisovan, and 

whether di! erent populations had the same 

source of archaic DNA. 

Akey expected that diverse Neandertal 

ancestors had contributed to Melanesian ge-

nomes, but that’s not what the team found: 

Most of the Melanesians’ archaic DNA 

turned out to be from Denisovans. What 

Neandertal DNA they have stems from a 

single liaison—the fi rst one, soon after mod-

ern humans left Africa. A second Neander-

tal encounter shows up in the genomes of 

Europeans, South Asians, and East Asians, 

and likely happened in the Middle East be-

fore these populations diverged. Finally, the 

ancestors of East Asians had a third hookup 

with Neandertals, presumably somewhere in 

Asia (see graphic, below).

The most likely explanation, Akey says, is 

that Melanesians split from the ancestors of 

Europeans and Asians before the second en-

counter. Later, East Asians broke away from 

Europeans and South Asians and got a third 

pulse of Neandertal DNA as they went their 

separate way. Meanwhile, the ancestors of 

Melanesians picked up genes from Deniso-

vans somewhere in Asia. The legacy of this 

ancient sex includes 21 chunks of archaic 

DNA bearing immune genes that recog-

nize viruses, along with several metabolism 

genes, such as GCG, which increases blood 

glucose levels, and PLPP1, a cell membrane 

protein that breaks down fats. These genes 

may have helped modern humans adapt to 

new diseases, diets, and climates as they 

moved into Neandertal territory in Europe 

and Asia.  

But the researchers also found “deserts”—

stretches of the human genome where no ar-

chaic DNA appears. These genomic regions 

may once have carried the legacy of ancient 

encounters, but it no longer survives in liv-

ing people. That suggests that these parts of 

the genome, which contain genes linked to 

language, brain development, and autism, 

are critical to a modern human’s identity 

and reproductive fi tness: Archaic gene vari-

ants can’t be tolerated here. 

Some researchers caution that mod-

ern DNA may not be a completely reli-

able guide to ancient matings. Groups 

like Melanesians may have simply lost 

archaic genes over time, so that their 

full mating history with Neandertals 

was erased. “It seems possible that 

the di! erences in Neandertal ancestry 

between present-day people could be 

due to di! erences in the ef  cacy of 

natural selection ‘weeding out’ Nean-

dertal segments,” says population ge-

neticist Pontus Skoglund of Harvard 

University. 

Still, he and others praise the 

power of the new method and the 

pace at which researchers are build-

ing a catalog of DNA inherited from 

archaic humans, which keeps add-

ing new twists to the story of our 

origins. As evolutionary biologist Eske 

Willerslev of the University of Copen-

hagen and the University of Cam-

bridge in the United Kingdom notes: 

“It seems like [ancient admixture] 

keeps getting more complicated.” j

Add in two additional liaisons known only 

from fossil DNA, and the ancestors of mod-

ern humans and Neandertals mixed it up at 

least fi ve times. (Any matings that produced 

no o! spring can’t be traced.) Meanwhile, the 

Denisovans bred at least once with Melane-

sians. “It was apparently separate events, 

so not just one single happy party at some 

point,” says evolutionary biologist Alan 

Cooper of the University of Adelaide in Aus-

tralia, who was not part of the new study. 

When researchers fi rst spotted traces of 

Neandertal nuclear DNA in living people, 

they assumed that it must have come 

from a rare mating or two, likely 

when modern humans left Africa 

and fi rst pushed into Neandertal 

territory in western Asia (Science, 

7 May 2010, p. 680). But since then, 

the family history of modern humans 

and their cousins has grown tangled.

First, researchers found that Mela-

nesians have inherited 2% to 4% of 

their DNA from the Denisovans, 

known from fossils at least 50,000 

years old from Denisova Cave in Si-

beria, Russia. Then, they found that 

Denisovans had also interbred with  

Neandertals. Last year, research-

ers discovered that a 40,000-year-

old modern human from Romania 

had a Neandertal great-great-great 

grandparent—but this Neandertal 

genome does not live on in present-

day humans (Science, 22 May 2015, 

p. 847). Last month researchers 

reported modern DNA in a Nean-

dertal toe bone, suggesting another 

early mating between the two types 

of humans, perhaps 100,000 years 
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EUROPEANS EAST 

ASIANS

MELANESIANS AFRICANS

NEANDERTALSDENISOVANS

Denisovans

Neandertals

Episode of 
interbreeding

Living modern
humans

ANCESTRAL HUMANS

Mixing it up in the Pleistocene 
After the ancestral population of humans divided, modern and archaic 
people mated several times (arrows), likely on different continents. Three 
encounters with Neandertals left DNA in living people, and Denisovans 
mated with  the ancestors of today’s Melanesians. 

A genetic study uncovers the hidden Neandertals in 

the family tree of people from Europe and Asia.  
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By Edwin Cartlidge, in Rome

N
eutrons may be ubiquitous in matter, 

but the intense, energetic neutron 

beams that scientists use to probe 

materials are a scarce commodity. 

In Europe, they will soon get a lot 

scarcer, according to a panel commis-

sioned to assess the impact of the imminent 

closure of many of the continent’s aging 

neutron reactors.

The panel, known as the Neutron Land-

scape Group (NLG), said last week that as 

the aging reactors shut down over the next 

5 to 10 years, the number of neutrons avail-

able for research will fall by as much as half. 

A new, accelerator-based neutron source, the 

world’s most intense, is due to turn on in 

Sweden by the end of the decade. But it will 

take years to reach full capacity, and in the 

meantime scientists who rely on neutrons 

will face a drought, unless the life span of 

some of the reactors can be extended. Mul-

tiple shutdowns “will have a traumatic ef-

fect on the neutron community,” says NLG 

Co-Chair Colin Carlile of Uppsala University 

in Sweden. “But none of the owners or users 

want to talk about it in public.”

The panel published its fi ndings in the 

latest installment of a “road map” released 

last week by the European Strategy Forum 

on Research Infrastructures (ESFRI), which 

advises the European Union. The road map 

provides a rolling list of proposed pan-

European facilities that ESFRI deems scien-

tifi cally excellent and likely to start up within 

the next 10 years. This one includes fi ve new 

projects—facilities studying the atmosphere, 

river-sea systems, and food security, as well 

as a solar telescope and a cultural heritage 

center—as well as others that have long been 

on scientists’ wish lists. 

It also includes NLG, which takes a spe-

cial look at neutrons. Chaired by physicists 

Carlile and Caterina Petrillo of the University 

of Perugia in Italy, NLG points out that more 

than 6000 scientists and engineers in Eu-

rope use neutrons to study materials ranging 

from magnets and superconductors to plas-

tics and proteins. However, it says, two-thirds 

of the continent’s operating neutron sources 

were built in the 1960s and 70s, and most of 

those are due to close because of their age and 

antinuclear sentiment.

The €1.8 billion European Spallation 

Source (ESS) is meant to fi ll some of that 

gap. Under construction in Lund, Sweden, 

the ESS will use a proton accelerator to 

generate the world’s most powerful beams 

of neutrons and is due to start operating in 

2019. But limited initial funding means that 

the facility will have just 16 instruments up 

and running by 2028. That, NLG says, will 

leave researchers considerably worse o!  

than they are today with the 40 instruments 

at the most powerful existing source, the In-

stitut Laue-Langevin (ILL) research reactor 

in Grenoble, France.

The ILL is the wild card in the picture. 

The convention signed by the three coun-

tries that operate the ILL—France, Ger-

many, and the United Kingdom—is due 

to expire in 2023, and neither the United 

Kingdom nor France has said whether they 

will extend the reactor’s life. (Germany will 

likely want to fi nish its current license and 

so shut down in 2027.) Carlile says that this 

shortage would not only be devastating 

for current research, but would also make 

it much harder for younger researchers to 

gain experience in making neutron-based 

measurements. “People who use these facil-

ities have no stepping stone to get there,” he 

says, “unlike users of x-ray sources, which 

are available at universities.”

According to the panel, neutron output 

over the next 15 years could be kept to within 

20% of existing levels if the ILL and the other 

sources facing closure operate until at least 

2030. These extensions, Carlile estimates, 

would cost about €200 million. But by 2030, 

he notes, the ILL reactor will be more than 

50 years old.  

Robert McGreevy, director of the ISIS 

neutron source in Oxfordshire, U.K., says his 

facility—one of the few existing accelerator-

based sources—will operate at least until 

2030 and perhaps beyond. But he believes 

there is little hope that two of the facilities 

that NLG wants to remain open, in Paris and 

Berlin, can be kept operating. The fate of 

both, he says, has already been announced 

by the respective national governments.

Meanwhile, uncertainty hangs over the 

ESS. Its director, James Yeck, says that it is 

currently being built on schedule and within 

budget, but he acknowledges the danger that 

one of the project’s 17 member countries 

could pull out, as happened in 2003. The 

project’s management has delayed a deci-

sion about whether to buy additional equip-

ment that would increase the neutron beam 

power from 3 to 5 megawatts until 2017.

Carlile says that to secure the future of 

neutron research in the long term, Europe 

will need several new medium-fl ux neutron 

sources, costing about €500 million each. 

But McGreevy believes Europe’s aversion 

to nuclear power means that any new mid-

sized neutron sources will have to be accel-

erators rather than reactors which, he says, 

will be “technically very challenging.” 

And researchers may not be able to rely 

on the current mainstay, the ILL, even if the 

countries overseeing it decide to extend its 

life. McGreevy thinks that the ILL has done 

all it can to respond to new safety require-

ments imposed after the Fukushima nu-

clear disaster in Japan. But another major 

nuclear accident, he says, “would probably 

be the death knell for ILL.” j

Europe on course for a neutron drought 

Architect’s vision of the target station and instrument halls of the European Spallation Source in Sweden. 

RESEARCH FACILITIES

Billion-euro accelerator won’t make up the shortfall, experts say
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By Jocelyn Kaiser

I
n every living person, even the healthi-

est, death abounds. Cells throughout a 

person die naturally all the time, shed-

ding fragments of DNA into the blood. 

When injuries or illness damage specifi c 

parts of a body, cell death generates even 

more of this so-called circulating DNA. Sev-

eral research teams are now developing ways 

to trace it to the tissue from which it origi-

nated, hoping to detect early stages of a dis-

ease or monitor its progression.

“Noninvasive measurement of cell death 

is a superexciting area with endless appli-

cations,” says developmental biologist Yuval 

Dor of the Hebrew University of Jerusalem. 

Dor’s own group reports this week that its 

technique for tracing the origin of circulating 

DNA detected the expected type of cell death 

in people with pancreatic cancer, type 1 dia-

betes, multiple sclerosis, and brain injuries. 

Two more groups have reported preliminary 

but encouraging results for other cancers. 

The published work does no more than 

prove the concept, says Alain Thierry, direc-

tor of research at the National Institute of 

Health and Medical Research in Paris. The 

circulating DNA techniques still need to be 

vetted on a large scale, and they face com-

petition from other diagnostic tests that rely 

on blood-borne hormones, metabolites, and 

other nongenetic molecules. Still, Thierry 

says, “having information from circulating 

DNA from a blood test could be very power-

ful” for detecting or tracking diseases. 

A few assays based on circulating DNA are 

already in use. Since 2011, doctors can order 

a test for Down syndrome that analyzes DNA 

shed by a fetus into a pregnant woman’s 

blood. Cancer researchers monitor circulat-

ing DNA carrying cancer-related mutations 

to follow patients’ responses to targeted ther-

apies and are working on similar tests for 

early signs of cancer. But those tests cannot 

identify the DNA’s origins. For many other 

diseases that boost tissue-specifi c cell death, 

circulating DNA had little to o! er.

One potential solution is to look at chemi-

cals called methyl groups, which cells attach 

to certain genes to prevent them from be-

ing transcribed into proteins. Each cell type, 

whether muscle, neuron, or blood, has a dis-

tinct DNA methylation pattern. In October 

2015, a group led by Dennis Lo of The Chi-

nese University of Hong Kong reported in 

the Proceedings of the National Academy of 

Sciences (PNAS) that they could detect those 

distinctive patterns in circulating DNA. In 

liver cancer patients, for example, the team 

saw a rise in DNA traceable to dying liver 

cells. Their technique, however, relied on 

whole genome analysis of methylation that 

costs upward of $1000 per sample.

In PNAS this week, a team led by Dor, 

DNA methylation expert Ruth Shemer at the 

Hebrew University of Jerusalem, and endo-

crinologist Benjamin Glaser from the Ha-

dassah Medical Center in Jerusalem o! ers a 

potentially simpler, and cheaper, approach. 

The group drew on known methylation sig-

natures for various tissues to pick out meth-

ylated sites along the genome that provide 

unique fi ngerprints. They report that by 

scanning circulating DNA for those hotspots 

in people recently diagnosed with type 1 

diabetes, they detected dying b cells—the 

insulin-producing cells in the pancreas—in 

all of the 11 people tested. Their test also re-

vealed evidence of dying b cells in the blood 

of people who had received islet cell trans-

plants—a potential sign of immune rejection 

of the islets. 

Immunobiologist Kevan Herold of Yale 

University says the result bodes well for a 

circulating DNA test that could be used to 

screen people at high risk for type 1 diabe-

tes before their pancreas is so damaged that 

blood sugar levels rise. “The hope is that we 

could intervene at an early stage and try to 

prevent progression,” he says. 

Circulating DNA can also fl ag other con-

ditions, Dor and his colleagues showed. In 

blood from 14 out of 19 patients with re-

lapsing multiple sclerosis, they detected 

circulating DNA shed by brain cells called 

oligodendrocytes, which the disease de-

stroys. The team could also identify dying 

brain cells in blood samples from people 

who had brain damage due to head trauma 

or cardiac arrest. For pancreatic cancer, the 

team saw signs of pancreatic cell death in 

the blood of about half of 42 patients; the 

group even distinguished cancer from pan-

creatitis—which also raised cell-free DNA 

levels in seven of 10 patients—by incorporat-

ing a test for a cancer mutation. 

Methylation isn’t the only way to trace cir-

culating DNA. In January, a team at the Uni-

versity of Washington, Seattle, described in 

Cell a test that relies on tissue-specifi c di! er-

ences in how DNA is packaged in structures 

called nucleosomes. In  three out of fi ve peo-

ple with advanced cancers, the team could 

use those nucleosome fi ngerprints to trace 

circulating DNA to the cancerous tissue. 

Researchers now plan to test the nu-

cleosome and methylation approaches in 

larger groups of people. Clinical biochem-

ist Eleftherios Diamandis of the University 

of Toronto in Canada predicts that at least 

for initially diagnosing cancer, the tests 

may face an obstacle. In the early stages of 

cancer—just when the tests would be most 

useful—there may be little or no circulating 

tumor DNA in a person’s blood. 

“I am not sure if even the most fascinating 

technical developments will solve the issue 

of abundance,” Diamandis says. Still, some 

were also once skeptical that Down syn-

drome could be reliably picked up from fetal 

DNA in a pregnant woman’s blood, and now 

thousands of women a year use the screen-

ing tool. j

Tests of blood-borne DNA 
pinpoint tissue damage
Assays spot cell death from diabetes, cancer, and more

DIAGNOSTICS

The methyl groups placed on DNA (yellow, green) by 

an enzyme (purple) differ by tissue and can be used 

to locate where cell death occurs in a person’s body. 
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I
t is lunchtime, but the sun is nowhere 

in sight. Just the moon and stars il-

luminate a black sky above a blacker 

sea as we motor a small skif  along an 

island fjord. The fi ve of us—three re-

searchers, a crew member, and 

a reporter—are encased in 

bulky, full-body survival 

suits in deference to the 

sub-zero January tempera-

tures here in the high Arctic. 

Our eyes acclimate slowly. 

Forty minutes into our foray, 

we see a green aurora above a 

majestic rock wall that appears, 

out of nowhere, along the shore. “Can 

you believe we’re being paid for this?” one 

scientist marvels. A black-and-white sea-

bird called a little auk emerges from the 

gloom. It dives nonchalantly into the shad-

ows to hunt, pursuing tiny crustaceans the 

size of rice grains.

Not long ago, researchers would have 

considered such a scene unlikely. They gen-

erally believed marine life this far above 

the Arctic Circle was dormant during the 

long polar night, when temperatures 

plunge and the winter sun dis-

appears below the horizon for 

roughly 4 months. “The think-

ing has been: Those who can, 

migrate out of the Arctic [in 

winter]. Those who can’t … 

turn of ,” says marine biologist 

Jørgen Berge of the University 

of Tromsø - The Arctic University 

of Norway (UiT). 

Now, Berge and other researchers are 

challenging that paradigm. On voyages 

deep into the polar night—when research 

vessels have traditionally stayed away—

they’re fi nding that Arctic waters can pulse 

with life, even in the dead of winter. They’ve 

documented foraging birds and fi sh, masses 

of surprisingly active zooplankton, and even 

signs that some animals are continuously 

growing and reproducing despite the cold 

and darkness. “We make fantastic discover-

ies every time we do a cruise,” Berge says. 

Those fi ndings are driving a “reevaluation” 

of how Arctic ecosystems behave during the 

polar night, writes marine biologist Geraint 

Tarling of the British Antarctic Survey in 

Cambridge, U.K.

Much about life in the polar winter still 

remains “essentially … a black box,” Berge 

says. That is why, earlier this year, he led 

a 17-day research cruise from northern 

Norway into the Arctic Ocean, an environ-

ment he calls “the least known realm on 

the planet.” The 28 researchers aboard the 

ship had goals that included testing new 

technologies for monitoring remote seas, 
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Researchers are learning that Arctic organisms 
aren’t dormant during the long polar night 

By Eli Kintisch, 
on the RV Helmer Hanssen, northwest of Svalbard, Norway
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obtaining better measurements of the polar 

night’s eerie “lightscape,” and gaining a bet-

ter understanding of how Arctic organisms 

cope with the sun’s absence. 

There was also a sense of urgency: Climate 

change is remaking the Arctic, and melting 

ice will allow more light to penetrate win-

ter seas. “This will have a major impact 

on the ecology,” Berge says. “So under-

standing the relationship between light and 

organisms is crucial to understanding the 

biological future of the Arctic.” 

AS BERGE TELLS IT, the emerging subfield 

of polar night biology was born almost by 

luck. The conventional wisdom was that 

the high Arctic only came alive each spring, 

after there was enough sunlight to fuel the 

growth of phytoplankton, the tiny marine 

plants that anchor the polar food web. As 

a result, biologists tended to launch their 

Arctic expeditions during the eight lighter 

months of the year—when the sun is some-

times above the horizon for 24 hours—and 

stay away during the roughly 4 months of 

constant night.

In 2007, however, Berge and colleagues 

retrieved some unexpected data from a sen-

sor moored in a fjord of  Svalbard, a rocky 

archipelago that sits about halfway between 

the Arctic Circle and the North Pole. The 

device used sound to track the movements 

of marine organisms, and readouts showed 

zooplankton periodically migrating up and 

down the water column. That’s typical be-

havior during much of the year, when the 

creatures rise en masse to the surface at 

night and sink deep during the day, in part 

to avoid predators. But these movements 

were occurring in January, when Arctic zoo-

plankton were expected to be dormant. “We 

were fl abbergasted,” recalls Finlo Cottier, a 

physical oceanographer with the Scottish 

Association for Marine Science (SAMS) in 

Oban, U.K.

Other surprises followed, sometimes 

aided by fate: In 2012, a cruise scheduled 

for November was delayed until Janu-

ary 2013 because of ship repairs, enabling 

biologists to discover unexpected bio-

luminescence and zooplankton at odd 

depths, whetting their appetite to learn more. 

Since then, each winter a tight-knit group of 

researchers—mostly Norwegian, British, 

and American—has reunited in Norway to 

sail into the dark.

The goal of this year’s expedition was 

to explore several Svalbard fjords, as well 

as waters adjacent to the Arctic’s fl oating 

sea ice. Our vessel was the 64-meter-long 

Helmer Hanssen, named for an early 20th 

century Norwegian who explored the re-

gion by wooden ship and ice sledge. In P
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Northern lights bathe the 

high Arctic city of Tromsø, 

Norway, the departure port 

for a recent polar night cruise 

by the RV Helmer Hanssen 

(opposite page).
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microwaves. Crouched behind a bulwark as 

the wind howls, Cohen programs the sen-

sor with a small keyboard. No fl ashlights, he 

warns bystanders.

Repeated measurements show that aver-

age winter light levels are tens of millions 

of times lower than those measured during 

the Arctic summer. Still, there are subtle 

patterns within the winter lightscape: “Fifty 

shades of gray,” Berge jokes. Sunlight re-

fl ected from below the horizon makes the 

day a little brighter than the night, for 

example, and the aurora, the moon, and 

even the stars add measurable photons. 

THOUGH SCARCE, the rays are enough to 

shape the behavior of many Arctic organ-

isms. In particular, studies of common, 

shrimplike crustaceans known as krill are 

yielding new insights into light sensitivity. 

During a snow squall, one of the ship’s 

cranes hauls up a net shaped like a dead 

giant squid. Kneeling, Last peers into a 

canister at the net’s dripping bottom. Bio-

luminescent krill, collected from a depth 

of 100 m, coat the can with a blue glow. 

He wraps the container tightly in a black 

trash bag to protect the animals from light 

and hurries a few decks down to a dark-

ened walk-in refrigerator. There a gradu-

contrast, we enjoyed cozy, quiet cabins, 

shockingly good Wi-Fi when the satellite co-

operated, and hot Norwegian food, courtesy 

of a chef who jammed on his electric guitar 

of  shift. The Helmer Hanssen also boasts 

well-stocked labs, cranes able to deploy 

sensor-laden buoys into the sea, trawl nets 

for sampling seafl oor life, and autonomous 

undersea vehicles bristling with cameras 

and sensors.

Still, conditions can be harsh. Team 

members spent hours on icy decks wran-

gling wet nets and gear, or below decks 

fi ghting seasickness and claustrophobia in 

labs that often smelled like 

fi sh. (“I keep wanting to take 

a shower, but then I know 

there’s a trawl coming up so I 

put it of  again,” said fi sh bio-

logist and UiT graduate stu-

dent Marine Cusa.) Cruise 

leaders had to cope with 

storms that repeatedly reshuf-

fl ed their plans. Eventually, 

they stopped printing out revi-

sions, opting instead to write 

changes on a whiteboard.

WHEN I COMPLAIN of sea-

sickness during breakfast one 

morning, a researcher points 

to a porthole. “The best thing 

is to look out at the hori-

zon,” advises marine biologist 

Kim Last of SAMS. Everyone 

laughs, because there is noth-

ing to see. During early Janu-

ary here, at about 79° north, 

the sun never rises; it stays 

at least 11° below the hori-

zon. With luck, at high noon 

you might see a gorgeous but 

short-lived red and purple sky, 

caused by sunlight reflected 

around the curve of Earth.

Scientists want to quantify 

that darkness, to know just 

how much light is available 

during the polar night. The 

measurements aren’t easy. Satellite instru-

ments, which rely on light refl ected from 

land, and conventional light meters aren’t 

sensitive enough to count the relatively few 

photons. So the researchers have hacked a 

device—originally designed to detect fl uo-

rescence in biomedical labs—that provides 

accurate readings.

One day, Last and biologist Jonathan 

Cohen of the University of Delaware (UD), 

Newark, pull on heavy winter gear and 

climb up to the top deck, above the bridge, 

to take a daily light measurement. The 

captain has turned of  the radar so the 

scientists won’t be exposed to its powerful 

ate student sorts the krill while wearing a 

headlamp that glows red, a wavelength the 

crustaceans can’t see.

To study their light sensitivity, research-

ers glue live krill to an apparatus that uses 

electrodes to measure how their nerves re-

spond to fl ashes of light of dif erent wave-

lengths. Last year, Cohen showed that krill 

react most strongly to the bluish wave-

lengths that penetrate deepest into the wa-

ter column, reaching a depth of 25 m even 

during the polar night. The experiments, 

combined with a model of the underwa-

ter light fi eld, strongly suggest the krill 

can “cue upon ambient light 

during the dark polar night,” 

Cohen and his colleagues re-

ported in PLOS ONE last year.

Other research has high-

lighted the unexpected role 

of the moon’s glow. One study 

by Last and his colleagues—

dubbed “the werewolf paper”—

analyzed several decades of 

acoustic data on the move-

ments of krill and other zoo-

plankton at 28 sites in the 

Arctic Ocean. They found that 

in December 2015 and January 

a daily migration can occur 

on a 24.8-hour cycle—which 

synchronizes the organisms’ 

movements with the rising 

and setting of the moon—

rather than a 24-hour, sun-

based cycle. The zooplankton 

also performed a “mass sink-

ing” to a depth of about 50 

m every 29.5 days in the win-

ter, which coincides with the 

brightest full moon, the re-

searchers reported in January 

in Current Biology.

On this cruise, Last and his 

colleagues explore whether 

krill “have an inherent rhythm” 

shaping their ability to sense 

the subtle light dif erences 

between night and day dur-

ing the winter. Many animals have bio-

logical clocks that keep track of the time of 

day, helping regulate gene activity and other 

functions. To see whether the crustaceans 

have similar internal clocks, the researchers 

keep some in cold storage until a time cor-

responding to the crustaceans “night”—say, 

12 hours after a noontime capture—then 

measure their sensitivity to light. They do 

the same for another set, but take the mea-

surement during the krill’s “day.”  

Late one night near the end of the cruise, 

Cohen and Last sit reviewing data from the 

experiment on a laptop. Their eyes widen. 

Indeed, the numbers suggest the krill be-

Polar night cruises give researchers a rare chance to study the winter habits of a 

wide range of marine organisms, including (from top, clockwise) f sh such as cod, 

f amboyant cnidarians that sift food from the water column, and little auks.
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come more sensitive to light during their 

night hours. “Yes!” shouts Cohen, as he and 

Last exchange a high-fi ve. The fi nding may 

help explain how the creatures have evolved 

to most ef  ciently use what scant light ex-

ists here, a crucial aspect of survival.

SCIENTISTS ARE also examining how 

larger animals, such as cod and birds, can 

eat during the dark winter, when prey can 

be invisible. Deep in the ship, Marine Cusa, 

the fish biologist, spends a good chunk of 

the cruise cutting open the stomachs of cod 

collected by trawl nets and using a micro-

scope to examine the contents. What she 

sees at first seems to confirm that the fish 

can use the meager light of polar night to 

hunt. Cod netted from a southern fjord that 

gets more winter light are stuffed with prey, 

but those caught farther north in Rijpfjor-

den, which gets less light, are nearly empty. 

Later, she realizes that something is “re-

ally weird” about that pattern. On a winter 

cruise just 3 years ago, polar cod netted from 

Rijpfjorden had full bellies. What might 

explain the di! erence? Acting on a hunch, 

she climbs three fl ights up to the ship’s in-

strument room—think laptops, body odor, 

and dirty co! ee cups—and checks an on-

line lunar calendar. “Please be full, moon, 

please be full,” she pleads. Sure enough, the 

moon was full when researchers caught 

the 2013 batch of Rijpfjorden cod; on this 

year’s cruise, it wasn’t. “Dun-dun-dun,” she 

announces later. “Maybe it’s the moonlight 

that helps them hunt!”

Other creatures are also feeding in the 

darkness. Berge and his colleagues have 

found plenty of fecal pellets in the winter 

waters, apparently from krill and other zoo-

plankton. “If there is shit in the water,” he 

says, “someone is shitting, and if someone is 

shitting, someone is feeding.” 

That is true of the few species of Arctic 

birds that don’t fl ee the polar night. In 2014 

and 2015, the researchers observed six spe-

cies actively foraging, including little auks. 

Many are known to rely on visual cues, but 

the darkness doesn’t seem to bother them. 

When researchers caught several and exam-

ined their stomachs, they discovered plenty 

of prey; one guillemot had recently swal-

lowed 214 krill. The birds also appeared to 

be specializing on specifi c organisms, not 

catching a random assortment. Such data 

“confi rm active feeding by top predators,” 

Berge wrote last year, but don’t reveal how 

they’re doing it.

SUCH FINDINGS are prompting new ways 

of thinking about the Arctic. One idea is 

that the existing notion of seasons, which fo-

cuses on temperature, should be expanded 

to include levels of light, especially in the 

water column. The middle of the dark po-

lar night can be relatively warm compared 

with later months, for instance. In contrast, 

the spring bloom—which is triggered by in-

creased light—often occurs when tempera-

tures are still at a minimum. 

Textbooks suggest that the bloom kicks 

o!  the growth and reproduction cycle of 

most Arctic organisms. But scientists have 

netted eggs and larvae that suggest the 

creatures are not only feasting in the dark-

ness, but  reproducing, too.

Such activity might mean that the Arctic 

has alternating ecological regimes, Berge 

says. In brighter months, it supports a food 

web that is driven from the bottom of the 

food web, by phytoplankton fl ourishing in 

the sun. But in winter it shifts to a “top-

down” regime in which organisms thrive 

without primary production. “It could be 

a system that changes between two states,” 

he says. The zooplankton’s winter diet, 

however, is still a mystery. One scientist 

on the cruise was fi ltering seawater for mi-

crobes, which might be the missing source 

of energy.

Revising ecological dogma in the Arctic 

will require more data covering greater 

spans of ocean, over longer time periods. 

So polar researchers are designing instru-

ments that could increase the data yield 

from each cruise. During this trip, for in-

stance, scientists spent one afternoon test-

ing a “jetyak”—an autonomous kayak that 

could be programmed to conduct biological 

surveys away from the light pollution of a 

ship. Although it performed what one re-

searcher called some “crazy” turns, the team 

concluded it could be a useful platform.

WHEN THE SHIP FINALLY DOCKS at the 

Svalbard town of Longyearbyen, most of the 

scientists amble to a bar for a long-awaited 

drink. But Last and Cohen stay aboard, rac-

ing to complete preparations for a new ex-

periment aimed at understanding the genes 

governing the krill’s biological clock. At 

regular intervals, they freeze freshly caught 

krill in order to stop the ticking of the 

clocks at different points. Later, back in the 

lab, colleagues will run tests to see which 

genes are active at which times.

“If we hadn’t learned what we did on 

this cruise we wouldn’t have done this last 

experiment,” a bleary-eyed Last says. He 

hopes it will reveal a little more about how 

the creatures survive their long night. If so, 

a journey into darkness will have shed a bit 

more light on the Arctic. ■
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Rhythms in the dark
In the Arctic fall and spring, krill and other zooplankton dive when the sun is out to avoid predators, and rise to the surface at night. During the polar night, 

the zooplankton tend to stay deeper in the water column. They rise and fall with lunar cycles, sinking deep to avoid the light of the full moon.
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By Joe Roman1 and James Kraska2

C
uba has about 5000 km of coastline, 

including coral reefs, mangrove wet-

lands, seagrass beds, and tropical 

wet forests. Long stretches of coast 

remain undeveloped, with relatively 

high levels of fi sh biomass and ma-

rine biodiversity in marine parks that are 

unparalleled in the Caribbean (1, 2). But on 

the eve of President Obama’s visit to Cuba, 

we must consider whether normalization 

of relations between the United States and 

Cuba, with anticipated expansion of coastal 

development and return of industrial agri-

culture, might reverse Cuba’s advances in 

ecological conservation. We propose an ap-

proach to protect Cuba’s coastal ecosystems 

and enhance conservation and ecological 

research throughout the Carib-

bean. The United States should 

deliver on President Obama’s 

recent plan to close the military prison at 

U.S. Naval Station Guantánamo Bay and re-

purpose the facilities into a state-of-the-art 

marine research institution and peace park, 

a conservation zone to help resolve confl icts 

between the two countries. This model, de-

signed to attract both sides [similarly, see 

(3)], could unite Cuba and the United States 

in joint management, rather than serve as 

a wedge between them, while helping meet 

the challenges of climate change, mass ex-

tinction, and declining coral reefs.

The U.S. presence at Guantánamo dates 

back more than a hundred years. The 

United States helped Cuba fi ght for inde-

pendence from Spain in the 1890s and then 

occupied the island in 1898. As part of the 

Cuban-American Treaty, Cuba was granted 

independence in 1902, but the U.S. Platt 

Amendment required Cuba to rent Guan-

SCIENCE DIPLOMACY

Reboot Gitmo for U.S.-Cuba research diplomacy

PERSPECTIVES

Transform Guantánamo into a peace park and ecological research center

Final approach? Mangroves dot 

Guantánamo Bay with the U.S. 

naval base airstrip seen in the 

distance. Might the contentious base 

become a research and diplomatic 

centerpiece in U.S.-Cuba relations? P
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tánamo Bay to the United States as a coal-

ing and naval station, a perpetual lease that 

could be broken only by mutual consent. 

Since the 1960s, the Cuban government has 

regarded the U.S. presence as illegal, refus-

ing to cash the annual $4085 rent check. 

The Community of Latin American and Ca-

ribbean States recently called for returning 

the base to Cuba.

The Obama Administration has made it 

clear that diplomatic relations with Cuba 

and the transfer of detainees do not mean 

that it is willing to discuss the return of the 

117 km2 Guantánamo base to Cuba anytime 

soon (4, 5). Although we believe that even-

tually giving the land back to Cuba would 

be a good outcome, we take the Administra-

tion at its word and propose a third path 

that would benefi t Cuba, the United States, 

and beyond. The November 2015 agreement 

between the United States and Cuba on sis-

ter sanctuaries, including the Florida Keys 

National Marine Sanctuary and Guanaha-

cabibes National Park on the west coast of 

Cuba, illustrates the current goodwill be-

tween the countries and could help foster 

dialogue to consider our proposal.

“WOODS HOLE” OF THE CARIBBEAN. 

Why would Cuba accept anything short of 

an immediate return of the base? A park 

that commemorates the history of the 

area and uses existing infrastructure for a 

research center would give global recogni-

tion to the country’s conservation efforts. It 

would provide financial support, up-to-date 

facilities for ecological and environmental 

work, and an opportunity to build capacity 

and train Cuban scientists and students, es-

pecially those from the surrounding eastern 

provinces. A parcel of the land, perhaps on 

the developed southeastern side of the base, 

could become a “Woods Hole of the Carib-

bean,” housing research and educational 

facilities dedicated to addressing climate 

change, ocean conservation, and biodiver-

sity loss. With genetics laboratories, geo-

graphic information systems laboratories, 

videoconference rooms—even art, music, 

and design studios—scientists, scholars, 

and artists from Cuba, the United States, 

and around the world could gather and 

study. The new facilities could strive to be 

carbon neutral, with four 80-meter wind 

turbines having been installed on the base 

in 2005, and designed to minimize ecologi-

cal damage to the surrounding marine and 

terrestrial ecosystems.

With a reduced U.S. footprint at Guantá-

namo, most of the land and sea could be re-

turned to native wildlife. The area provides 

habitat for many endemic species, such as 

the vulnerable Cuban iguana (Cyclura nu-

bila), and it may be a critical refuge for the 

West Indian manatee (Trichechus manatus)

(6). It is an important nesting area for the 

endangered green turtle (Chelonia mydas) 

and critically endangered hawksbill turtle 

(Eretmochelys imbricata). The tropical 

dry forests on the base are relatively rare 

in Cuba, and the station hosts important 

Caribbean coastal habitats, such as sandy 

beaches, mangroves, coral reefs, and sea-

grass beds. The granadillo tree (Brya eb-

enus), spiny lobster (Panulirus argus), and 

several reef fi shes have been overharvested 

and require better management. The two 

countries could work together to restore 

native species and fi ght noxious invasives, 

such as lionfi sh (Pterois spp.), African cat-

fi sh (Clarius gariepinus), and marabou (Di-

chrostachys cinerea).

There are signs of progress in protecting 

Caribbean coastal ecosystems. Islands like 

Bermuda and Bonaire have moved forward 

on coral reef conservation, largely by protect-

ing their reef fi shes (7). After the 1992 Earth 

Summit in Rio de Janeiro, Cuba developed a 

strong tradition of environmental protection. 

More than an “accidental Eden” (8), Cuba has 

extensive protected areas, a constitution with 

strong environmental provisions, and an ag-

gressive stance on climate change, putting it 

at the center of Caribbean conservation ef-

forts. It has established the largest marine 

park in the Caribbean, the Jardines de la 

Reina (Gardens of the Queen), with abun-

dant sharks and groupers (9).

CONVERSION AND REDEMPTION. The 

Guantánamo Naval Base serves the U.S. 

Fourth Fleet and is a hub for law enforce-

ment and mass migration operations. Yet, 

as early as the 1970s, the base has been pro-

posed as a bargaining chip to help normal-

ize U.S. relations with Havana (10). By the 

end of the Cold War, the U.S. Department of 

Defense considered closing the base (11). As 

U.S. involvement in wars in Afghanistan and 

Iraq winds down and detainees are released 

or subject to criminal trial, perhaps the 

most compelling reason for the Pentagon to 

possess the base disappears. Although the 

station supports other missions, including 

regional counterdrug operations, maritime 

migration interdiction, search and rescue, 

and humanitarian assistance, Naval Air Sta-

tion Key West, only 90 miles away, can meet 

most of these needs. Because Guantánamo 

is not in any U.S. congressional district, 

there would not be a fight over jobs at risk 

of being lost.

The move would extend a long tradition 

of U.S. naval support of marine scientifi c re-

search and operational oceanography. More 

important, opening up Guantánamo would 

facilitate exchange, the two countries learn-

ing from each other. The peace park and 

research center would enhance capacity, 

technological transfer, and scientifi c facili-

ties for Cuban researchers. 

The world’s fi rst peace park is the Water-

ton-Glacier International Peace Park on the 

border of Canada and the United States, a 

symbol of goodwill between the countries 

(12). There have been successful transitions 

from military bases and confl ict zones in 

other countries. After the United States left 

Fort Clayton to Panama, for example, part 

of the base was transformed into Ciudad de 

Saber (City of Knowledge), a government-

sponsored complex that has attracted inter-

national scholars and the United Nations 

Development Program. Although the future 

of land along the corridor of the former 

Iron Curtain is uncertain, the European 

Green Belt initiative could transform the 

continent and help species such as lynx, 

“…the name Guantánamo 
could become associated 
with…ef orts to preserve 
and repair…the planet.”

1Gund Institute for Ecological Economics, University of 
Vermont, Burlington, VT 05405, USA. 2Stockton Center for the 
Study of International Law, U.S. Naval War College, Newport, RI 
02841, USA. E-mail: jroman@uvm.edu
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brown bears, and imperial eagles recover 

(13). Such international parks are signs that 

humans can respect each other, even after 

confl icts, and protect other species that 

share our planet. In transforming the base, 

we should not forget the past. Ef orts such 

as the Guantánamo Public Memory Project 

(gitmomemory.org), which seeks to build 

awareness of U.S. history in the area, should 

be supported.

We hope that Pope Francis, who played an 

essential role in restoring relations between 

Cuba and the United States, will contribute 

to advancing a peaceful future for Guantá-

namo, in which both countries benefi t. In 

the fi rst papal encyclical on the environ-

ment, Laudato Si’, he called for an ecological 

conversion and the widespread protection 

of biodiversity, remarking on the decline of 

coral reefs, “Who turned the wonderworld of 

the seas into underwater cemeteries bereft of 

colour and life?” (14). Humans did, of course, 

through overfi shing, deforestation, pollution, 

and burning fossil fuels (15). And humans 

can turn it around.

A fi rst step in returning the land to Cuba, 

the Guantánamo peace park and research 

center would encourage nations to convert 

military bases and confl ict zones into areas 

of creativity, cooperation, and biodiversity 

conservation. For the next generation, the 

name  Guantánamo could become associ-

ated with redemption and ef orts to pre-

serve and repair international relations 

and the planet.        ■
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PHYSICS

Squeezing into 
superconductivity
Synchrotron light sources can be used to probe 
superconductivity at extreme pressures

By Viktor Struzhkin

T
he recent report of superconductivity 

in hydrogen sulfi de (H
2
S) by Drozdov 

et al. (1) at a record high superconduct-

ing critical temperature T
c
 of 203 K 

and at high pressure (153 GPa) trig-

gered excitement from both a funda-

mental and technological perspective. On 

page 1303 of this issue, Troyan et al. (2) con-

fi rm the fi nding by using an elegant and un-

expected implementation of the Mössbauer 

technique at the third-generation synchro-

tron facility in Grenoble, France. They mea-

sured the Meissner ef ect (3)—the expulsion 

of magnetic fi eld from the sample—thereby 

unequivocally confi rming the existence of 

superconductivity. The new superconduc-

tor is believed to have a simple chemical 

formula, H
3
S. The superconductivity in H

3
S 

was predicted theoretically by Duan et al. (4) 

before the fi rst experimental fi ndings were 

reported. The technique has great potential 

for future studies of tiny samples squeezed 

to extremely high pressure. This experimen-

tal advance paves the road to probing super-

conductivity in metallic hydrogen, which is 

expected to be a room-temperature super-

conductor above 500 GPa (5). 

To understand the impact of the report by 

Troyan et al., we should look deeper into the 

decades-long quest for a room-temperature 

superconductor. The most exciting develop-

ment in superconductivity since its discov-

ery by Kamerlingh Onnes in 1911 (see the 

fi gure) happened in 1987, when Bednorz 

and Müller found high-temperature super-

conductivity in materials based on copper-

oxygen (CuO
2
) layers, the layered structure 

being a necessary structural property of this 

new “unconventional” family of supercon-

ductors. The discovery of these so-called 

high-T
c
 cuprate materials led to a stunning 

T
c
 = 165 K at 30 GPa in a mercury-based cu-

prate material (6), which is higher than in 

a previous record-holding material (Nb
3
Ge) 

by almost a factor of 7. The superconductiv-

ity mechanism in cuprates still defi es theo-

retical understanding and remains the focus 

of intense research ef orts by scientists 

around the world. This absence of theoreti-

cal understanding is a handicap preventing 

a guided search for new superconductors 

with even higher critical temperatures.

In contrast to the cuprate situation, there 

is a wealth of conventional superconducting 
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Raising the critical temperature. The highest-T
c
 materials over the years since the discovery of superconductivity in 
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conventional ones by blue diamonds. Note that the highest T
c
 values are observed in a compressed state at very high 

pressures. For useful applications, the ef ect of pressure must be understood theoretically, and this understanding 
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materials, where the accepted mechanism 

of superconductivity is driven by phonons 

(i.e., quanta of lattice vibrations) (7). Until 

recently, all of these conventional supercon-

ductors were not considered good candidates 

for high T
c
, with the notable exception of hy-

drogen (5) and hydrogen doped with other 

elements, as in hydrides (8). Unfortunately, 

hydrogen requires very high pressures to get 

into a metallic state (5). To overcome this 

dif  culty, doping of hydrogen with other ele-

ments was suggested as a means of lowering 

the pressure to a range more comfortable for 

experimentalists (8). This proposal was ac-

cepted by the high-pressure community, and 

several hydrides were tested in recent years 

[see (9) for a review]. The search resulted in 

the discovery of hydrogen sulfi de with T
c
 = 

203 K (1). It is noteworthy that the fi nding of 

a new material was not accidental, but rather 

driven by a theory-guided search in a par-

ticular family of potential superconducting 

materials (hydrides). With recent progress 

in high-pressure research using double-stage 

diamond anvil devices that reach enormous 

static pressures above 750 GPa (10), the tech-

nique reported by Troyan et al. brings high-

pressure researchers tantalizingly close to 

experimental proof of room-temperature su-

perconductivity in metallic hydrogen.

The high-pressure advances described 

here are intellectually satisfying and form a 

solid basis for future research into novel ma-

terial states that can be anticipated only by 

theoretical arguments. In terms of a wider so-

cietal impact, practical applications of these 

new materials require routes to sustaining 

such high critical temperatures at much 

lower pressures, possibly at ambient pres-

sure. This task may be very dif  cult, perhaps 

impossible, and presents an even greater 

challenge than the search for superconduc-

tivity of metallic hydrogen. Such “materials 

by design,” resulting from theoretical calcula-

tions, will drastically narrow the search for 

high-temperature superconductors based on 

hydrogen and other light elements in the top 

row of the periodic table.

Another message to be taken from the 

work of Troyan et al. is the complexity and 

power of modern synchrotron techniques 

in solving multiple problems in materials 

research. Present synchrotron-based Möss-

bauer techniques are operational down to 

scales of a few micrometers. Future up-

grades of synchrotron facilities will allow 

much more tightly focused x-ray probes 

(submicrometer), allowing us to extend 

the pressure range to 1000 GPa. Such pres-

sures exist in the interiors of giant planets 

and are expected to crush outer electronic 

shells of all the elements in the periodic 

table, drastically altering their chemistry in 

a very unintuitive way. The next generation 

of high-pressure science will rely on compu-

tational power and synchrotron techniques 

to investigate materials in such extreme 

environments. The x-rays generated by cur-

rent and future synchrotron sources can 

be focused to a footprint just a few tens of 

nanometers across, allowing scientists to 

have a deep look into a realm of material 

properties down to the nanoscale.        ■
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IONIC MATERIALS

Large, soft, and polarizable hydride ions 
sneak around in an oxyhydride
A perovskite containing highly electropositive cations conducts hydride anions

By Shu Yamaguchi

I
onic conductivity in solids, a fi eld initi-

ated by Faraday (1), has led to materials 

that help chemists spatially separate the 

oxidation and reduction steps of reac-

tions, enabling technologies such as fuel 

cells. Many solid oxides are good oxygen 

ion (O2–) conductors, but getting hydrogen 

ions, either protons (H+) or hydride anions 

(H–), to conduct through oxides has been a 

major challenge. A proton-conducting oxide 

reported in 1981 (2) marked the beginning of 

“oxide protonics,” a materials science based 

on solid solutions of oxides and hydroxides. 

On page 1314 of this issue, Kobayashi et al. 

(3) report a material with pure H– conduc-

tivity (and yet an electronic insulator) in an 

oxyhydride system, which has been a “last 

frontier” in solid state ionics.

Except in the ionosphere, H– is exceed-

ingly rare on Earth because of its ex-

tremely large pK
a
 (acidity constant) for 

the deprotonation reaction of hydrogen. 

Ef orts to discover H– conductors have 

primarily followed two strategies, one on 

oxide protonics—exploring oxyhydride ma-

terials (4)— and the other exploring metal 

hydride systems with strong ionic bonding 

characters, such as alkali-earth hydrides 

(5) and their analogs (6). Because metal 

hydrides have high electronic conductivity, 

it had been assumed that H– conductivity 

was negligible. Thus, the discovery of hy-

dride ion conductivity in undoped BaH
2

was surprising, and was only revealed by 

the coincidence of the measured electro-

motive force (emf) for a hydrogen con-

centration cell with the theoretical one 

predicted by the Nernst equation for a 

pure H– conductor (7). 

For oxyhydride systems, although H–

was incorporated into perovskite oxides in 

a metastable condition that preserved the 

crystal framework (8, 9), no clear evidence 

of H– conductivity could be obtained, ex-

cept for a subtle trace, because of inter-

ference from the electron-predominant 

conductivity (4, 10). The presence of H– in 

mayenite (12CaO·7Al
2
O

3
 or C12A7) (11, 12) 

shed light on the importance of chemical 

stability of C12A7 during heat treatment 

under an extremely reducing condition, in 

order to increase electron energy to stabi-

lize H–.

Several lines of experimental evidence 

support the report of Kobayashi et al. (3) 

of H– conductivity in La
2-x-y

Sr
x+y

LiH
1-x+y

O
3-y

. 

Detailed crystallographic analyses with 

neutron dif raction suggest an ordered ar-

rangement of H– and oxide ion (O2–)  ions 

in the anion sublattice. The authors also 

performed electrochemical measurements 

of the conductivity and electrochemical 

polarization in the concentration cell with 

a protocol nearly identical to the so-called 

Tubandt method. The polarity, the magni-

tude of the cell emf, and consistent hydro-

gen transport all provide evidence for the 

transport of H– during direct-current (dc) 

polarization under blocking conditions for 

O2– transport. 

What are the origins of H– conductivity 

in this material? First, all of the component 

cations—La3+, Sr2+, and Li+—are extremely 

electropositive. They form very stable ox-

ides and hydrides, and would produce 

donor states for electron (e–) conductivity 

with great dif  culty, even under extremely 

reducing conditions. Further, these ox-

ides and halides form stable intermediate 

oxyhydride compounds with extended solid 

solubilities. 

To obtain a pure H– conductor, electronic 

conductivity must be suppressed. Carrier 

mobility is typically more than 1000 times 

greater for electrons than for much larger 

Stealthy hydride ions. The two images contrast how (A) protons localize in an oxide, but (B) hydrides delocalize and conduct through an oxide with very electropositive cations.

Department of Materials Engineering, The University of Tokyo, 
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ions. The partial H– conductivity can be eas-
ily hindered even by a small amount of elec-
trons formed by the reaction

where  and , expressed in Kröger-Vink 
notation, are the H– ion on a regular H– sub-
lattice and its vacancy, respectively. 

The origin of fast ion conduction in ionic 
solids is still unclear. Apparently, such ma-
terials should have defects that increase 
the chance of hopping—that is, the num-
ber of mobile ions and stable regular sites 
should not be equal. An easier way to in-
troduce ionic defects is the introduction 
of anion vacancy by chemical doping of an 
acceptor, to avoid the electron formation 
discussed above. For example, electrons 
can be trapped by acceptors like O2–, which 
suggests an important role for oxide ions. 
The faster H– migration is likely favored in 
the mobility competition between anions 
because H– has a lower charge density than 
O2– with a lower nominal valence and a sim-
ilar ionic radius (1.46 Å for H– and 1.4 Å for 
O2–). This explanation, however, needs fur-
ther verifi cation. The low charge density of 
H– may lead to a large polarizability, which 
provides an inspiration for the “sneaking” 
H– migration (see the fi gure). This feature 
contrasts with the extremely high charge 
density of protons. 

The result of Kobayashi et al. is just 
the beginning of a new materials science 
of H– conductivity in oxyhydride systems 
that will require further elaboration of the 
underlying mechanisms, as well as poten-
tial applications of the extremely reducing 
H– ion in chemical synthesis. A drawback 
of the current material is its chemical re-
activity in oxidizing atmospheres, but this 
disadvantage may be overcome by various 
techniques, like surface protection coatings. 
These explorations of H– conductors now 
leave the question of what will be the next 
last frontier for solid state ionics.        ■
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By Marc Sprenger and Keiji Fukuda

G
rowing levels of resistance to available 
antimicrobial medicines are caus-
ing tens of thousands of deaths each 
year across the world (1). By 2050, 
the overall costs associated with anti-
microbial resistance (AMR) could re-

duce global gross domestic product (GDP) by 
2 to 3.5% (2). One concern is the development 
of resistance to the carbapenem antibiotics 
among Gram-negative bacteria, in particular, 
the carbapenemase-producing Enterobac-
teriaceae (CPE) (see the image). Enterobac-
teriaceae are the source of community- and 
hospital-acquired infections and commonly 
cause opportunistic infections, including 
pneumonia, and sometimes death (3). CPE 
are resistant to nearly all available antibiot-
ics, with the exception of colistin. Emerging 
resistance to colistin therefore has troubling 
implications for patient care. 

  Carbapenemase enzymes confer resis-
tance to most β-lactam antibiotics, includ-
ing carbapenem, making them particularly 
dangerous because they can inactivate a 
wide range of dif erent antibiotics (4). Accu-
rate detection of carbapenemase producers 
is therefore essential for infection control 

and management of antibiotic therapy (5).  
  Carbapenemases are divided into three main 
classes, which dif er in their mechanism of 
action. Class A includes the most common 
carbapenemase, Klebsiella pneumoniae car-
bapenemase. Class B carbapenemases are 
metallo-lactamases. An important mem-
ber of this class is New Delhi metallo-beta-
lactamase (NDM), which has spread widely 

since it was fi rst described in 2009. Class D 
includes carbapenem-hydrolyzing oxacillin-
ase-48 (OXA-48) (6), which is being reported 
with increasing frequency in outbreaks and 
case reports across the world (7). OXA-48 is 
particularly dif  cult to detect (8).

 Over the past 2 years, Enterobacteriaceae 
that produce OXA-48 and NDM have rapidly 

ANTIMICROBIAL RESISTANCE

New mechanisms, new worries
The increasing spread of colistin resistance is 
resulting in untreatable infections

Antimicrobial Resistance Secretariat, World Health 
Organization, 1211 Geneva 27, Switzerland. E-mail: 
sprengerm@who.int; fukudak@who.int 

Web of defense. In this false-color scanning electron micrograph, a Klebsiella pneumoniae bacterium is caught in 

a web of extruded chromatin in a mouse lung. The web contains antimicrobial components that kill the bacterium. 

K. pneumoniae and other Enterobacteriaceae are increasingly becoming resistant to antibiotics, including last-resort 

compounds such as colistin. 

“E. coli and K. pneumoniae 
are already increasingly 
resistant to all other 
available antibiotics; the 
transfer of colistin resistance 
to such bacteria can thus 
result in untreatable 
infections.” 
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By Nicola Harris

H
elminth and protozoan parasites are 

the most common infectious agents 

of humans living in developing coun-

tries and represent an important 

disease burden, particularly through 

their ability to cause physical and 

intellectual growth retardation in young 

children (1, 2). Type 2 immune responses 

promote ef  cient expulsion of intestinal 

parasites such as helminths by driving a 

“weep and sweep” response that involves 

mucous production, fl uid secretion, and 

increased intestinal motility. These same 

responses in susceptible individuals cause 

the symptoms of allergy after exposure to 

pollens and certain food antigens. The gen-

eration of type 2 immunity in response to 

helminth parasites requires the secretion 

of cytokines by intestinal epithelial cells, 

but the source and induction of cytokine 

secretion have been unclear. Three studies 

(3–5), including a report by Howitt et al. (5) 

on page 1329 of this issue, reveal a key role 

for a rare intestinal cell—the tuft or brush 

cell—in driving type 2 immunity.  

 The intestinal epithelium is a specialized 

cell layer separating the intestinal contents 

from the underlying tissues. These epithelial 

cells function not only to absorb water and 

nutrients but also form an important barrier 

between the human host and the microbial, 

An intestinal cell stimulates 
the immune response to 
parasitic infections

spread through Europe (9). In 2015, 13 of 38 

countries in Europe reported endemicity or 

interregional spread of CPE, compared with 

6 countries in 2013. Concerns have also been 

raised over  extensively resistant  Pseudomo-

nas aeruginosa in Belarus, Kazakhstan, and 

Russia (10). Almost all of these isolates were 

resistant to all antibiotics except colistin; a 

few were resistant even to colistin.   

The resistance to colistin is particularly 

troubling. This polymyxin antibiotic was 

fi rst used more than 50 years ago to treat 

Gram-negative infections, but its use de-

clined on account of its severe ef ects on kid-

ney function. Broad-spectrum beta-lactams 

(such as third-generation cephalosporins 

and carbapenems) were less toxic and easier 

to administer. However, as the incidence of 

multidrug-resistant infections has increased, 

so has—out of necessity—the use of colistin. 

Colistin resistance arises through at least 

two known mechanisms, as illustrated by 

a recent report by Giani et al. on a large 

hospital outbreak of CPE Klebsiella pneu-

moniae infections in Italy (11). Resistance 

to colistin resulted in 93 bloodstream infec-

tions that were very dif  cult to treat. The 

outbreak was triggered by increased colis-

tin consumption, underscoring the role of 

selective pressure generated by antibiotic 

use. However, the further development and 

spread of colistin-resistant mutants were 

mainly attributable to chromosomal muta-

tions. This mechanism of colistin resistance 

facilitated the spread of resistant organisms 

within and between hospitals, but did not 

lead to the transfer of resistance between 

strains. Reinforcement of infection preven-

tion and control measures was suf  cient to 

limit the spread of these infections. 

However, Liu et al. have recently docu-

mented a new mechanism of resistance to 

polymyxin antibiotics (colistin and poly-

myxin B) (12). They have discovered a 

plasma-mediated polymyxin resistance gene, 

mcr-1, in Escherichia coli isolated from ani-

mals housed in an intensive pig-farming op-

eration in Shanghai. Further testing showed 

a high prevalence of the gene in E. coli 

isolates from raw pig and poultry meat at 

slaughterhouses and supermarkets in four 

provinces in China. The gene was also found 

in samples collected from hospital patients 

infected with E. coli and K. pneumoniae in 

two hospitals in two provinces. Researchers 

in Denmark and France have confi rmed the 

presence of the mcr-1 gene in stored samples 

of bacteria obtained from patients and poul-

try meat  (13, 14). These observations show 

that mcr-1 is not confi ned to China. 

These fi ndings are deeply worrisome. 

Resistance to polymyxin antibiotics result-

ing from chromosomal mutations generally 

cannot spread to other bacteria. However, as 

Liu et al.’s study confi rms, colistin resistance 

is transmissible between dif erent bacteria 

because it involves a dif erent mechanism, 

plasmid-mediated transfer. E. coli and K. 

pneumoniae are already increasingly resis-

tant to all other available antibiotics; the 

transfer of colistin resistance to such bacte-

ria can thus result in untreatable infections. 

The study by Liu et al. leaves many ques-

tions unanswered, including the exact re-

lationship between colistin use and the 

resistant bacteria found in animals, meat, 

and humans. This gap highlights the need 

for much better monitoring and reporting on 

the nature and extent of antibiotic use in ani-

mals and for further investigations. Never-

theless, there is a compelling public health 

need to take action now to slow the develop-

ment of AMR. 

In May of 2015, the World Health Assem-

bly adopted a Global Action Plan against an-

timicrobial resistance (15). The plan refl ects 

a global consensus on approaches to the 

problem but also a strong recognition that 

ef orts to reduce AMR must extend beyond 

health. AMR cannot be addressed without 

the involvement of other sectors such as ag-

riculture, development, economics, foreign 

af airs, and industry. The engagement of a 

broad range of sectors will require much 

greater awareness of the dangers posed by 

AMR, as well as political support. 

Stewardship of existing antimicrobials 

within health and agriculture will be crucial 

for preserving the ef ectiveness of current 

antibiotics. At the same time, the ongoing 

evolution of new patterns of resistance will 

inevitably require the development of, and 

access to, new antimicrobial agents. Ad-

dressing AMR globally and across multiple 

sectors is a daunting challenge, but the con-

sequences of not doing so will be far worse.        ■
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and potentially parasite-rich soup, of the 

intestinal lumen. The intestinal epithelium 

is made up of fi ve main cell types: absorp-

tive enterocytes and four secretory cells 

types including Paneth cells, goblet cells, 

enteroendocrine cells, and tuft cells. The 

fi rst three secretory cell types release pep-

tides that provide defense against bacteria, 

secrete mucus, or produce gastrointestinal 

hormones and peptides that regulate intesti-

nal function and communication with other 

organs. By contrast, the function of tuft cells 

(which have a “tuft” of microvilli extend-

ing into the intestinal lumen) has remained 

largely elusive. The three new studies now 

report an important role for these cells in 

promoting immunity against parasitic hel-

minths (3–5) or protozoa (5).

Each study identifi ed tuft cells in the 

mouse small intestine as the sole intesti-

nal source of an epithelial interleukin (IL), 

IL-25, which promotes the rapid expansion 

of an important immune cell called the 

type 2 innate lymphoid cell (ILC2). ILC2s 

in turn provide a crucial early source of 

the interleukin IL-13, which is key to the 

intestinal “weep and sweep” response that 

expels the parasite.  Tuft cells take part in 

a feed-forward loop whereby tuft cell–de-

rived IL-25 leads to the expansion of IL-13–

secreting ILC2s. This, in turn, results in the 

formation of new tuft cells (see the fi gure). 

Disruption of tuft cell formation or func-

tion resulted in impaired type 2 immunity 

and delayed helminth expulsion. Of note, 

addition of IL-25 to mice lacking tuft cells 

could rescue ILC2 expansion and helminth 

expulsion, placing tuft cells at the begin-

ning of the immune cascade. 

Why and how parasites drive tuft cell ex-

pansion awaits further study.  However, the 

fi ndings of Howitt et al. raise an intriguing 

possibility. Tuft cells possess the machinery 

for chemosensory taste receptors that are 

responsible for the perception of sweet, bit-

ter, and umami compounds in food. The 

authors used genetically modifi ed mice 

lacking a key component of this pathway, 

the transient receptor potential cation 

channel subfamily M member 5 (TRPM5), 

and showed a crucial role for chemosen-

sation in promoting tuft cell expansion 

in response to parasite infection. Should 

parasites secrete chemicals that are sensed 

by tuft cells, this would place chemosensory 

receptors as the most recent members of an 

ever-growing list of pathogen recognition 

receptor families.

The study of Howitt et al. emphasizes 

the concept that tuft cells are involved 

in the initiation of type 2 immunity. 

Whether tuft cell chemosensation pro-

motes heightened IL-25 production, or 

whether early progenitor cells within the 

intestinal epithelium already possess che-

mosensory pathways and proliferate to 

increase IL-25 secretion, remains unclear. 

Tuft cells also possess an arsenal of media-

tors that could potentially contribute to the 

“weep and sweep” response that expels the 

invading parasite from the intestine. Such 

mediators include opioids (small bioactive 

peptides) and leukotrienes (infl ammatory 

lipid mediators) (6, 7), both of which pro-

mote fl uid secretion and intestinal motil-

ity. Tuft cells also form close contacts with 

nerve cells (7), strengthening the hypoth-

esis that they might regulate the muscle 

contractions that promote intestinal motil-

ity. Of note, tuft cells are also found in the 

stomach, and it seems plausible that they 

could also contribute to the expulsion of 

ingested toxins. 

One question raised by the study of 

Howitt et al. is how parasites encoun-

tered within other bodily organs are 

sensed. A contribution by tuft cells 

may represent a common denominator 

as rare cells possessing chemosensory 

pathways and exhibiting a tuft cell–like 

morphology have also been described in 

the trachea, lower respiratory tract, and 

common bile duct of mammals (6). Find-

ing that tuft cells contribute to type 2 im-

munity within other bodily organs would 

likely prompt a close examination of this 

pathway in allergic diseases, including 

hay fever and asthma. Even more likely 

is a role for tuft cells in the development 

of food allergy. Given the combined heavy 

global health burden of parasitic and 

allergic diseases, the unveiling of a new 

cell type involved in protective immunity 

or disease pathogenesis represents an ex-

citing step forward.        ■
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Weep and sweep. After infection with helminth or 

protozoal parasites, tuft cell–derived IL-25 leads to the 

activation of innate lymphoid cells (ILC2s) and initiates 

a feedforward loop in which ILC2s produce IL-13, which 

then acts on epithelial crypt base columnar (CBC) cells to 

promote further dif erentiation of tuft and goblet cells. Tuft 

cell responses following parasite infection require TRPM5-

dependent chemosensation and are required for the goblet 

cell hyperplasia that contributes to parasite expulsion. 
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By Jennifer Bridwell-Rabb1, 2, 3 and

Catherine L. Drennan1, 2, 3

T
he S-adenosylmethionine (SAM) rad-

ical enzyme superfamily plays a cen-

tral role in the biosynthesis of many 

vitamins, cofactors, and antibiotics. 

Radical SAM enzymes catalyze chal-

lenging chemical reactions such as 

C-H bond activation (1), ring contraction 

(2), and molecular skeletal rearrange-

ments (3, 4). They overcome the dif  culty 

of these reactions by forming a highly 

oxidizing radical species, 59-deoxyadeno-

syl (59-dAdo•), from SAM and a reduced 

iron-sulfur cluster (5). This radical species 

can selectively abstract a hydrogen atom 

from a substrate, enabling complex chemi-

cal transformations. There are more than 

113,000 radical SAM enzymes, but only a 

small number are both biochemically and 

structurally characterized, and many of the 

reaction mechanisms remain enigmatic. 

On page 1320 of this issue, Sicoli et al. pro-

vide evidence for unexpected radical inter-

mediates in the mechanism of the radical 

SAM enzyme NosL (6). 

NosL catalyzes the rearrangement of the 

amino acid L-tryptophan into methylin-

dolic acid (MIA). In doing so, it repurposes 

this amino acid to serve as a component of 

the bacterial warfare agent nosiheptide (7) 

(see the first figure), a ribosomally gener-

ated thiopeptide with potent activity against 

Gram-positive bacterial pathogens (8). 

NosL is not the only radical SAM enzyme 

that uses an amino acid to make a new mol-

ecule. The ThiH, HydG, and CofH enzymes 

catalyze cleavage of the Cα-Cβ bond of L-

tyrosine in the biosynthesis of thiamine (9), 

the H-cluster of hydrogenase (10), and the 

F
420

 cofactor (11), respectively.

 For ThiH and HydG, catalysis is thought 

to be initiated by abstraction of a hydrogen 

atom from the side-chain hydroxyl group 

of L-tyrosine (9, 10). Zhang et al. have pro-

posed that NosL similarly abstracts the 

hydrogen atom from the NH of the indole 

ring of L-tryptophan (7). However, Nico-

let et al. have reported an L-tryptophan–

bound NosL crystal structure in which the 

amino NH (rather than the indole NH) is 

positioned for hydrogen atom abstraction 

(12) (see the first figure). 

Subsequent biochemical studies have 

supported the amino NH as the site of radi-

cal generation (12), prompting  mechanistic 

proposals for NosL that involved radical-

induced bond scission at either Cα-Cβ or 

Cα-C positions (see the second figure) (13). 

Literature precedence favored Cα-Cβ bond 
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From amino acid to bacterial warfare agent. The radical SAM enzyme NosL catalyzes the transformation of 

L-tryptophan into MIA, a component of the antibiotic nosiheptide. NosL uses a [4Fe-4S] cluster and SAM to generate a 

59-dAdo• species. 59-dAdo•  abstracts a hydrogen atom from the amino moiety of L-tryptophan to initiate catalysis.

Unexpected mechanism. Literature precedence favored a Cα-Cβ cleavage pathway for the biosynthesis of MIA from L-tryptophan, but the work of Sicoli et al. instead provides 

support for the unprecedented Cα-C cleavage pathway.
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scission to form a 3-methylindoyl radi-

cal species (9, 10). However, formation of 

MIA from a 3-methylindoyl radical species 

would require a challenging recombination 

reaction and a second bond scission (7). De-

tection of shunt reaction products such as 

3-methylindole could be indicative of this 

mechanism (7), but there was no evidence 

for the proposed 3-methylindoyl radical 

species or for other intermediates that 

would be consistent with the Cα-Cβ bond 

scission mechanism.

Sicoli et al. attempted to trap the pro-

posed 3-methylindoyl radical species to 

provide support for the Cα-Cβ bond scis-

sion mechanism. Surprisingly, however, 

their investigations instead provide sup-

port for the Cα-C bond scission mechanism 

(see the second figure). This latter mecha-

nism requires the specific and controlled 

migration of a carboxyl-fragment radical 

from Cα to C2, a rearrangement that has 

not previously been described. Observing 

radical reaction intermediates with spec-

troscopy is challenging, because they are 

short-lived. Nevertheless, by using numer-

ous substrate analogs to prolong the life-

times of the NosL reaction intermediates 

and computational methods to evaluate 

the nature of the intermediates, Sicoli et al. 

succeeded in providing support for a radi-

cally different mechanism.

The NosL reaction mechanism detailed 

by Sicoli et al. expands the list of complex 

chemical transformations accomplished by 

radical SAM enzymes. This work challenges 

the perception that the subset of radical 

SAM enzymes that cannibalize L-trypto-

phan and L-tyrosine all proceed via similar 

chemical mechanisms. As the saying goes, 

there is more than one way to skin a cat—

and more than one way for radical SAM 

enzymes to perform their catalytic feats.        ■
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By David C. Clary

W
ater plays a central role in scientifi c 

disciplines ranging from geology to 

astronomy to biology. Yet it is an 

extraordinarily dif  cult liquid to 

understand because of its complex, 

ever-changing patterns of hydro-

gen bonds. Studies of small water clusters 

have provided important insights into the 

concerted hydrogen-bond motions that can 

occur in water. These studies are also crucial 

for developing an accurate potential function 

for simulating the properties of liquid water 

and ice (1). On page 1310 of this issue, Rich-

ardson et al. (2) provide evidence for a con-

certed type of motion in which two hydrogen 

bonds in a water cluster are broken simulta-

neously (see the fi gure). The results have im-

plications for many areas of scientifi c study, 

including the chemistry of polar solvents, the 

conformations of proteins, and the dissolu-

tion of ions in minerals.

 Richardson et al. study the water hex-

amer (H
2
O)

6
, which is the smallest cluster 

with a three-dimensional geometry and 

has been dubbed the smallest water drop-

let (3). Advanced spectroscopic methods 

have yielded experimental information on 

its structure and properties (4). Accurate 

potential energy surfaces for the interac-

tion of water molecules have been derived 

(1), and quantum dynamical methods have 

been developed for simulating the motion 

of the water molecules and calculating the 

spectral observables (5). Richardson et 

al. now show, based on experimental and 

theoretical evidence, that two hydrogen 

bonds rearrange simultaneously  in a par-

ticular form of (H
2
O)

6
 that has the shape 

of a prism.

Until recently, the most precise experi-

mental information on the structures of 

small water clusters came from far-infra-

red studies of their intermolecular vibra-

tional modes (4). A broadband Fourier 

CHEMISTRY

Quantum dynamics in the 
smallest water droplet
Two hydrogen bonds in a six-molecule water cluster 
break simultaneously in a concerted set of movements

Liquid complexity. Water molecules in liquid water are held together by an everchanging network of hydrogen bonds. 
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Transform technique has now made it 

possible to study the rotational motion of 

these clusters directly in the microwave 

region (6). Richardson et al. report new  

results obtained using this method.

A water cluster such as (H
2
O)

6
 can 

have several dif erent forms, which take 

the shapes of books, cages, and prisms 

(3). Each shape can be constructed with 

many dif erent, energetically equivalent 

orientations of the hydrogen atoms in the 

water molecules. Each of these arrange-

ments corresponds to a minimum on 

the potential surface. There is an energy 

barrier between equivalent minima, and 

rearrangements can thus occur via quan-

tum tunneling. This feature leads to split-

tings of lines in the observed microwave 

spectrum, an ef ect that has been known 

for more than 60 years in fl uxional mol-

ecules such as NH
3
 (7). However, preparing 

weakly bound clusters for microwave ob-

servation and interpretation is much more 

complicated. The experiments are done 

with both the oxygen isotopes 16O and 18O 

in (H
2
O)

6
. This allows the lines observed 

in the microwave spectrum to be assigned 

to particular hydrogen-bond motions (6).

These experimental spectra can only be 

understood with the help of quantum dy-

namical theory. This remains a real chal-

lenge for a system such as (H
2
O)

6
, which 

has 54 degrees of freedom. However, clever 

adaptation of Feynman’s path integral the-

ory (8) has provided a quantum dynamical 

method, ring polymer molecular dynam-

ics (RPMD) (9), which is readily capable of 

calculating these tunneling spectra from the 

best available potential energy surfaces (5). 

This theory exploits the result that a classical 

treatment of a ring of an infi nite number of 

copies of the system connected by harmonic 

springs maps on to the quantum mechani-

cal system. However, in practice, a relatively 

small number of copies are needed to con-

verge results for water clusters. The system 

can then be simulated using classical mo-

lecular dynamics, which is computationally 

inexpensive and readily applicable to many 

dimensions. Initially, the RPMD method 

was mainly used to study chemical reaction 

rates (9), but it can be adapted to calculate 

the tunneling splittings in the spectra of mo-

lecular clusters (5).

Previous theoretical studies identifi ed 

hydrogen-bond rearrangements in wa-

ter clusters that were either fl ips (with no 

hydrogen-bond breaking) or bifurcations 

(where one bond breaks) (3). Richardson et 

al. show that the hydrogen-bond dynam-

ics in the prism form of (H
2
O)

6
 can involve 

the simultaneous breaking of two hydrogen 

bonds (see the fi gure). Such concerted bond 

breaking may be an important mechanism 

in the many systems—such as biological cells 

and mineral interfaces—where water mol-

ecules are found in confi ned environments. 

In addition, the excellent detailed agree-

ment between the quantum dynamical cal-

culations and experimental data shows that 

theory is getting much closer to a highly ac-

curate description of water and, thus, to pro-

viding a detailed quantitative understanding 

of hydrogen-bond dynamics.        ■
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By Gary J. Schwartz

T
he worldwide human obesity epi-

demic has provoked a great deal of 

experimentation to understand the 

biological controls of energy expen-

diture and food intake, two processes 

that together determine energy bal-

ance. Because food intake relies on feeding 

behavior that is determined by the brain, 

studies have focused on how the central 

nervous system receives and behaviorally 

responds to signals of metabolic status. On 

page 1293 of this issue, Lagerlöf et al. (1) re-

port that a glycosylation enzyme serves as a 

neuronal nutrient sensor that is critical in 

the control of food intake and body weight.

Feeding behavior responds to metabolic 

need. Thus, food deprivation stimulates 

feeding, whereas signals arising from the 

biological consequences of food ingestion 

impinge on the central nervous system and 

lead to meal termination. These signals in-

clude sensorineural events generated by the 

gustatory, olfactory, and gastrointestinal 

properties of foods, neuroendocrine signals 

stimulated by food ingestion, and signals 

generated by nutrients themselves (2).

Nutrient sensing is critical for cellu-

lar viability in general, but in the central 

nervous system, it may serve a larger role 

in the control of whole-body energy bal-

ance by modulating food intake (3). La-

gerlöf et al. have identifi ed a new role for 

O-linked N-acetylglucosamine (O-GlcNAc) 

transferase (OGT) as a nutrient sensor in 

brain neurons for controlling food intake 

and body weight. OGT catalyzes the post-

translational modifi cation of proteins by 

O-GlcNAc (a monosaccharide derivative of 

glucose) and is regulated by nutrient ac-

cess. Acute, inducible decreases in the ex-

pression of OGT in the adult mouse brain, 

under the control of the neuronal marker 

α–calcium/calmodulin-dependent protein 

NEUROSCIENCE
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A glycosylation enzyme 
in specifi c brain neurons 
is a nutrient sensor that 
controls body weight
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Concerted motion. Richardson et al. simulate concerted hydrogen bond breaking in the water hexamer prism.
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kinase type II (αCAMKII), rapidly produced 

pronounced overeating followed by massive 

weight gain and adiposity gain, with no gain 

in lean mass. Preventing this hyperphagia 

by pair-feeding animals to the levels of con-

trol subjects prevented the development of 

obesity, demonstrating that the hyperphagia 

produced by the absence of OGT expression 

is suf  cient for the obese phenotype. The ob-

served hyperphagia is characterized by both 

increased meal size and meal duration, with 

no change in meal frequency, supporting the 

interpretation that OGT signaling in brain 

neurons is critical for satiation. 

The ef ect of reduced OGT expression was 

most pronounced in neurons of the hypo-

thalamic paraventricular nucleus (PVN), a 

region implicated in controlling food intake 

and body weight (see the fi gure). An in-

crease in blood glucose concentration after 

feeding increased the expression of OGT 

and the transcription factor c-Fos (a marker 

of neuronal activation) in PVN αCAMKII 

neurons, whereas reduced OGT expression 

blocked c-Fos activation and decreased ex-

citatory synaptic input in these neurons. 

Deletion of the gene encoding OGT specifi -

cally in αCAMKII-expressing PVN neurons 

had the same ef ects as reducing expression 

in all αCAMKII-expressing neurons in the 

brain, and was accompanied by massive 

body weight gain and hyperphagia charac-

terized by increased meal size. These fi nd-

ings show that a decrease in OGT action in 

PVN αCAMKII neurons is suf  cient to me-

diate hyperphagia and obesity. Conversely, 

optogenetic stimulation of PVN αCAMKII 

neurons in mice acutely reduced food in-

take (smaller meals were consumed).  

These are potent and neuroanatomi-

cally specifi c ef ects of OGT function on 

body weight. However, the localization of 

OGT expression in feeding-related neurons 

is not limited to the PVN. Multiple hypo-

thalamic and brainstem regions implicated 

in the control of food intake express OGT, 

including the hypothalamic arcuate (ARC), 

ventromedial, dorsomedial, and lateral 

hypothalamic nuclei, as well as the brain-

stem nucleus of the solitary tract and the 

parabrachial nucleus (1, 2). Indeed, the 

nutritional regulation of OGT function is 

heterogeneous across neuroanatomically 

and neurochemically distinct neuronal 

populations (1, 4). Feeding and postfeeding 

blood glucose concentrations increased the 

amount of O-GlcNAc in PVN αCAMKII 

neurons, whereas fasting reduced the pres-

ence of this monosaccharide. By contrast, 

in ARC neurons expressing the orexigenic 

peptide agouti-related protein (AgRP), 

fasting increases OGT expression and the 

amount of O-GlcNAc in the cell (4). How 

fasting induces two opposite ef ects on neu-

ronal OGT expression and activity remains 

unclear; the fasting-induced orexigenic 

gut peptide ghrelin increases O-GlcNAc 

amounts in AgRP neurons (4), but ghrelin 

action in PVN αCAMKII neurons has not 

been examined. 

The metabolic consequences of reduced 

neuronal OGT for energy balance are also 

heterogeneous and appear to depend on 

the neurochemical and neuroanatomical 

phenotypes of the OGT-expressing neu-

rons. Whereas adult-onset decreases in 

OGT expression in PVN αCAMKII neurons 

drives hyperphagia and obesity, constitu-

tive reduction of OGT expression in ARC 

AgRP neurons leads to thermogenically 

ef ective browning of white fat, without 

observable changes in food intake or body 

weight, and protects against the develop-

ment of obesity and glucose intolerance 

(4). Whether OGT action in PVN αCAMKII 

neurons is an important target in animal 

models of obesity and glucose tolerance re-

mains to be determined. 

Intriguingly, a decrease in OGT expres-

sion in ARC AgRP neurons or in PVN 

αCAMKII neurons reduces neuronal excit-

ability, albeit through apparently distinct 

mechanisms. Reduced OGT in AgRP neu-

rons also reduces the spontaneous action 

potential rate by blocking O-GlcNAcylation 

of inwardly rectifying Kv channels, whereas 

a decrease of OGT expression in PVN 

αCAMKII neurons reduces their miniature 

excitatory postsynaptic current frequency. 

Whether OGT modulates each of these two 

ionic determinants of neuronal excitabil-

ity in both ARC AgRP neurons and PVN 

αCAMKII neurons is not known. 

The identifi cation of nutritionally regu-

lated OGT expression in multiple neuron 

populations that control feeding sets the 

stage for elucidating how the consequences 

of OGT nutrient sensing are coordinated to 

determine both acute energy availability 

and long-term energy balance. Cerebro-

spinal fl uid concentrations of multiple 

nutrients rise rapidly after meal ingestion 

and have simultaneous access to multiple 

brain nutrient-sensitive sites. For example, 

the amount of the essential branched-

chain amino acid L-leucine in cerebro-

spinal fl uid rapidly increases during the 

ingestion of a high-protein meal and ac-

tivates both brainstem and hypothalamic 

sites (5). Local leucine administration to 

either of these sites in isolation rapidly 

decreases food intake through a selective 

reduction in meal size. Although these dis-

tinct ef ects appear to be redundant, they 

underscore the need for a more integrative 

experimental approach to understanding 

the role of neuronal nutrient sensors in the 

control of food intake, where meal-related 

nutrient stimuli have simultaneous access 

to multiple, neuroanatomically distributed 

nutrient-sensing sites.        ■
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Heterogeneous function. In the mouse, OGT in hypothalamic paraventricular nucleus (PVN) α-CAMKII neurons acts 

as a nutrient sensor by controlling overeating, whereas OGT in hypothalamic arcuate (ARC) agouti-related protein 

(AgRP) neurons controls the metabolic activity of adipose tissue. These OGT-expressing neuronal regions also exist in 

the human brain. 

Paraventricular nucleus (PVN): 
controls feeding and satiety

Arcuate nucleus (ARC): 
controls adipose metabolism

OGT-expressing neurons as nutrient sensors in hypothalamus and brainstem

Hypothalamus

Brainstem

Nutrients

OGT Outcome
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ne of the great ironies in attempt-

ing to formalize a guide to online 

outreach through traditional publi-

cation pathways is that by the time 

a book makes it onto the shelves, 

the content is already dated. The 

Internet is a dynamic place, and the past 

2 years have seen major transitions in the 

way scientists use blogs, social media, and 

other online platforms to conduct outreach, 

education, and activism. Science Blogging: 

The Essential Guide, a new 

resource compiled by Chris-

tie Wilcox, Bethany Brook-

shire, and Jason G. Goldman, 

is conscious of this challenge 

and makes an admirable ef-

fort to overcome it. Although 

it does so better than many 

similar ef orts, Science Blog-

ging still feels fi rmly rooted in 

mid-to-late 2014. That is not 

to say that the book isn’t an 

invaluable guide for aspiring 

science bloggers. It shines in 

the practical advice it of ers 

to new entrants in the science 

blogging community. 

Although often regarded as 

an easy path to science out-

reach, science blogging re-

quires a skill set dif erent 

from that of conventional 

writing and has its own challenges. Blog 

writing tends to be more conversational, 

with a focus on the author’s unique voice, 

and often emphasizes, rather than mini-

mizes, personal biases. 

Wilcox, Brookshire, and Goldman have 

brought together some of the best science 

bloggers on the Internet to share their expe-

rience and expertise. The chapters that really 

stand out are timeless and extend far beyond 

the limits of science blogging. Janet Stemwe-

del’s chapter on ethics and science blogging 

is an invaluable resource not just for bloggers 

but for all scientists, science writers, and sci-

ence journalists. Glendon Mellow’s chapter 

on science and art is broadly applicable to 

anyone seeking to incorporate visual media 

into their outreach plan, regardless of their 

platform of choice. Brian Switek’s chapter on 

making the transition from writing online 

to writing books is an excellent resource for 

anyone preparing to make that leap. Kate 

Clancy’s chapter tackles some of the most 

challenging issues facing female writers 

online, and Melanie Tannenbaum explores 

how to write persuasively while dealing with 

science deniers and trolls. These chapters 

alone make Science Blogging an essential re-

source for writers who work in online spaces, 

whether or not they fall within the vaguely 

defi ned criteria of “blogger.”

Indeed, dif erent sections of the book 

seem to have dif erent views on what con-

stitutes science blogging. Although some 

clearly stick to a conventional view of sci-

ence blogging as a static website with recent 

articles posted in reverse chronological or-

der, other chapters consider microblogging 

platforms like Twitter, as well as video and 

podcasting outlets, to fall under the aegis of 

science blogging. This refl ects the changing 

nature of online science communication, as 

bloggers and platforms adapt to changes in 

the way that audiences engage with con-

tent. However, this amorphous defi nition 

may leave some readers confused about 

what constitutes a blog.

Not all science blogging is about outreach 

to the general public. Science Blogging over-

looks one of the major motivators for many 

scientists who blog: shaping the culture of 

science. Many sites exist purely to facilitate 

conversations among researchers. Absent 

from Science Blogging are such touchstones 

of the community as Retraction Watch, a 

blog run by Ivan Oransky that tracks and 

discusses retractions in the 

peer-reviewed literature. Re-

traction Watch has been in-

strumental in changing how 

journals publicize retractions 

and promoting greater trans-

parency when important ar-

ticles are retracted. 

Had key chapters in Sci-

ence Blogging been written 

today rather than late 2014 

to early 2015, I’m certain that 

this guide would not have left 

out the societal ef ect of sci-

ence blogging on the culture 

of science. In the past year, 

we have seen science bloggers 

shape the overall discussion 

about sexual harassment, 

racism, and discrimination 

within the scientifi c commu-

nity and force institutions to 

confront entrenched and systemic abuses. 

Were it not for the freedom and visibility 

that online platforms provide, it is unlikely 

that we would be seeing the major revela-

tions that have surfaced in the past several 

months. In that way, science blogging can 

be a powerful tool for change. 

Despite its fl aws, Science Blogging is an 

important and valuable guide for aspiring 

science writers of all stripes, with some spe-

cifi c advice for those building their online 

profi le through blogging. Anyone interested 

in learning more about online outreach will 

fi nd this guide approachable and insightful. 

10.1126/science.aaf2417

Science Blogging

The Essential Guide

Christie Wilcox, 

Bethany Brookshire, 

and Jason G. Goldman, Eds.

Yale University Press, 2016. 

286 pp.Blogging for beginners
SCIENCE COMMUNICATION

By Andrew David Thaler

A new handbook of ers approachable advice 
for aspiring science writers of all stripes

The reviewer is  in the Department of Fisheries, Virginia 

Institute of Marine Science, Gloucester Point, VA 23062, USA, 

and at Southern Fried Science (www.southernfriedscience.

com). E-mail: andrew@blackbeardbiologic.com

Blogging can be a great form of scientif c outreach—if you know what you’re doing.
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ral resources in the name of economic and 

development growth. Instead, he pre sents 

an impassioned and evidence-rich plea to 

assert nature’s needs fearlessly, dismissing 

Anthropocene optimism that humanity can 

survive without nature and that ongoing ex-

tinctions can be balanced by de-extinction 

or the introduction of alien species. 

Stemming the tide of species extinctions 

requires bold actions beyond current con-

servation targets. Wilson commends the 

conservation movement for its noble ef orts 

in lowering the extinction rates of species 

by about 20% but points out that these fi g-

ures fall drastically short of what is needed. 

Scientists and taxonomists have calculated 

that at least two-thirds of the species on 

Earth remain unknown and unnamed, sug-

gesting that the magnitude of the problem 

may be far greater than we imagine. Com-

plicating our ability to predict the impact 

of species extinctions is our poor under-

standing of how species interact with one 

another, especially in the oceans. 

But why choose 50% when the Conven-

tion on Biological Diversity (CBD), an inter-

national legally binding treaty signed by 196 

countries, stipulates a conservation goal to 

protect 17% of terrestrial and 10% of marine 

areas? Wilson, who together with Robert 

MacArthur formulated the theory of island 

I
magine a chain of uninterrupted wild 

landscapes spanning the savannas and 

forests of southern and central Africa, 

the woodlands of Poland and Belarus, 

and the tropical forests of Central and 

South America. By committing half of 

the planet’s terrestrial and marine surface 

to nature, Edward O. Wilson believes that 

we can save millions of species, as well as 

humanity. This is Wilson’s audacious pro-

posal to stave of  the coming biological 

apocalypse, the sixth mass extinction event, 

which he outlines in Half-Earth: Our Plan-

et’s Fight for Life. 

According to Wilson, it’s the “Darwin-

ian propensity in our brain’s machinery to 

favor short-term decisions over long-range 

planning” that has led us to ignore warning 

signs that we are nearing the irrevocable 

depletion of our natural resources. He vehe-

mently attacks the views of “Anthropocene 

enthusiasts” who seem to believe that “what 

is left of nature should be treated as a com-

modity to justify saving it” and scathingly 

swipes at postmodern environmentalists 

who believe that conservationists should 

abandon their romantic opinions of “un-

trammeled wildernesses.” Wilson argues 

that by framing humans as the masters of 

Earth, these alarming philosophies justify 

our current voracious exploitation of natu-

biogeography (1), explains how confi ned 

landscapes, such as national parks, will in-

evitably lose species over time as environ-

ments change and animals and plants fi nd 

that they cannot move freely to more hospi-

table habitats. Large, interconnected zones 

are needed. Indeed, more than a decade be-

fore the CBD’s targets were set, scientifi c ev-

idence suggested that some 25 to 75% of the 

world’s lands and waterways would need to 

be protected in order to maintain biodiver-

sity and ecological processes (2). Half-Earth

of ers a cautionary approach, moving away 

from individual species conservation and 

setting a single comprehensive goal to pro-

tect entire faunas and fl oras for perpetuity.

Given that conservation targets are con-

strained by global politics, is Wilson’s vi-

sion realistic? Although every country in 

the world has a protected area system, in 

2015 only 15% of land and 2.8% of marine 

areas held this designation. However, the 

area for potential nature conservation is 

much higher, because these fi gures fail to 

account for private reserves that represent 

key components of his proposed network. 

As more areas are declared protected, we 

must ensure that these are more than mere 

“paper parks,” existing in name only. 

Paying homage to extinct species, great 

and small, Wilson reminds us that it is 

the “little things that run the Earth.” The 

book is enlivened with personal anecdotes, 

such as the joy so few will ever experience 

of encountering Sumatran rhinos. Natu-

rally, because Wilson is the world’s leading 

authority on ants, we learn about his life-

long fascination with these tiny creatures 

as well. Although the book emphasizes the 

grave nature of our current course, Wilson 

is optimistic that our ecological footprint 

will shrink as technological advances cata-

lyze a shift from extensive to intensive eco-

nomic growth, enabling us to be stewards 

of the planet, rather than destroyers.

Half-Earth challenges the reader to rec-

ognize that we each have an individual re-

sponsibility to ensure the survival of species 

and, ultimately, the biosphere. Considering 

the irreversible changes that have already 

taken place at human hands, Wilson leaves 

no doubt that half is the very least we 

can do, both for other species and for our 

descendants. 
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Could committing half of Earth’s surface to conservation 
stave of  the next mass extinction?

Half-Earth

Our Planet’s Fight for Life

Edward O. Wilson
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The tabletop mountains in the Guiana Shield are 

largely unexplored “worlds unto themselves.”
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A wave of inspiration
SCIENTISTS HAVE NOW confirmed the 

detection of gravitational waves, after the 

sensitive detectors emitted a chirp that 

represented two distant black holes collid-

ing in space (1). This achievement allows 

us to see the universe in a whole new way. 

I developed a fascination with gravi-

tational waves while studying general 

relativity in graduate school. I wrote my 

dissertation in the field of differential geom-

etry, the field of mathematics that is used 

to describe general relativity and model 

gravitational waves. It may sound geeky, but 

there’s a definite beauty to the equations 

that give rise to gravitational waves.

The sensor that detected the waves 

involves high-precision lasers and massive 

data analysis, both of which are at the fore-

front of generating new technology. I hope 

this latest scientific discovery inspires a 

new sense of curiosity among students 

of all ages and encourages them to study 

math, engineering, and other technical 

fields that make such science possible. 

Our country has long stood at the 

forefront of scientific discovery, and I’ve 

always strongly supported federal funding 

for research to fuel scientific advance-

ments. This latest discovery demonstrates 

the importance of investing in scientific 

research on a national level. Funding 

from the National Science Foundation, 

for example, was instrumental in develop-

ing and implementing the detectors that 

“heard” the chirp of the distant and mas-

sive astrophysical event that generated the 

gravitational waves. 

This progress is the result of years of 

hard work and innovative research and 

experimentation. Now, with the capability 

to detect gravitational waves, we stand at 

a new frontier, with the opportunity to use 

this achievement to better understand this 

astonishing universe. 

Jerry McNerney

U.S. House of Representatives, 
California’s 9th Congressional District, USA. 

E-mail: mcnerneypress@mail.house.gov
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complex and poorly understood ecological 

relationships, and alterations in repro-

ductive parameters of nontarget species 

can generate ecological disturbances. The 

Cartagena Protocol (10)—a United Nations 

safety regulation for transfer, handling, 

and use of genetically modified organisms, 

signed by 170 countries—is not applicable to 

Wolbachia-infected mosquitoes because the 

bacteria are considered nontransgenic (11). 

Therefore, the release of insects hosting 

Wolbachia was not subject to these regula-

tions. In countries where Wolbachia release 

was allowed, veterinary, agricultural, and 

health legislation were used to evaluate its 

environmental risks (11). As far as we are 

aware, no country has regulations spe-

cifically pertaining to Wolbachia-infected 

insect release or mitigation strategies to 

deal with unexpected results. Even if a 

country enacts such legislation, it would 

not extend to other countries, whereas 

Wolbachia-infected insects, at least in 

theory, can easily cross political borders.

The release of insects hosting 

Wolbachia strains should be more care-

fully considered, and further studies of 

the potential impact of these bacteria on 

biodiversity should be undertaken, before 

this strategy can be widely used.
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An artist’s conception of a binary black hole 

producing gravitational waves.

Risks of Wolbachia 
mosquito control 
CONTROLLING INSECT CROP pests 

and disease vector populations is a 

huge challenge. A new control strategy 

involves releasing insects that have been 

deliberately infected by Wolbachia, a 

bacterium that induces modifications in 

host reproductive biology, such as male 

feminization (when a male develops as 

a female), cytoplasmic incompatibility 

(the inability to produce offspring), and 

reduced insect lifetimes (1). Caged and 

open-field experiments with infected 

mosquitoes are in progress (2–4). The 

Eliminate Dengue project (5) has released 

infected mosquitoes in Australia, Vietnam, 

and Brazil, and obtained promising results 

showing that the wMel Wolbachia strain is 

able to invade the Ae. aegypti population 

and block dengue transmission (2). Such 

results are very exciting, considering the 

number of people affected by malaria and 

arboviruses (dengue, chikungunya, zika, 

and related viruses) worldwide every year.

However, few have focused on the 

probability of Wolbachia strains being 

transferred to other insects and the 

potential environmental and economic 

impacts of this host shift. Wolbachia 

strains (including wMel-like strains) are 

capable of transferring horizontally among 

distantly related arthropods in a short 

evolutionary time (6, 7). Moreover, some 

parasites are able to carry Wolbachia 

strains to other species (6). 

The benefits of Wolbachia and risks of 

host shift must be weighed against the 

benefits and risks of other mosquito control 

strategies, such as chemical and bacterial 

pesticides. Pesticides also have environmen-

tal costs: They affect nontarget organisms 

and can lead to the development of 

resistant populations of insects (8). Unlike 

the effects of Wolbachia, the consequences 

of pesticide use are well known, and are 

regulated in several countries (9).

Although mosquitoes deliberately 

infected with Wolbachia could reduce the 

need for insecticide use, the consequences 

of Wolbachia host shift to native species are, 

for now, unpredictable. Arthropods present 

Curbing Iran’s 
academic misconduct
IRAN AND CHINA are among the countries 

with the fastest growth rate of scientific 

publications in the world (1). Unfortunately, 

these countries are also home to more fre-

quent publication misconduct (2). There is a 

growing publication bazaar in Iran, similar 
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to the one in China (3). Agencies that 

guarantee publication for a price abound. 

The website of one such agency displays a 

price list based on the impact factor of the 

journal (4). For journals with impact factors 

below 0.5, between 0.5 and 1.0, and above 

1.0, the price is about US$600, US$800, and 

US$1000, respectively.  

Fortunately, the Iranian scientific com-

munity is raising awareness about this 

issue. In 2008, Iranian professors created 

the blog “Professors against plagiarism” (5) 

to discourage misconduct among faculty 

members and students. The blog provides 

updates on retracted papers and miscon-

duct in academia, as well as information 

about unethical for-sale publications.

In response to the concerns of scientists 

and researchers, the Iranian government 

has recently proposed a draft piece of 

legislation to curb academic misconduct 

and plagiarism (6). The bill imposes severe 

penalties on faculty members and graduate 

students who are involved in academic 

misconduct, such as buying research 

papers and theses. It also aims to penalize 

paper- and thesis-selling agencies. Given 

that there is currently no specific law 

against academic misconduct in Iran, this 

is an important and positive step toward a 

better academic environment. I encourage 

the Parliament of the Islamic Republic of 

Iran (Majlis) to approve this legislation.

Behzad Ataie-Ashtiani

Department of Civil Engineering, Sharif University 
of Technology, 9313, Tehran, Iran. 

E-mail: ataie@sharif.ir
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TECHNICAL COMMENT 

ABSTRACTS

Comment on “Unique in the shopping 

mall: On the reidentifiability of credit 

card metadata”

David Sánchez, Sergio Martínez, 

Josep Domingo-Ferrer

De Montjoye et al. (Reports, 30 January 

2015, p. 536) claimed that most individu-

als can be reidentified from a deidentified 

transaction database and that anonymiza-

tion mechanisms are not effective against 

reidentification. We demonstrate that 

anonymization can be performed by tech-

niques well established in the literature.

Full text at http://dx.doi.org/10.1126/science.

aad9295

Response to Comment on “Unique 

in the shopping mall: On the 

reidentifiability of credit card 

metadata”

Yves-Alexandre de Montjoye and 

Alex “Sandy” Pentland

Sánchez et al.’s textbook k-anonymization 

example does not prove, or even suggest, 

that location and other big-data data sets 

can be anonymized and of general use. 

The synthetic data set that they “success-

fully anonymize” bears no resemblance 

to modern high-dimensional data sets on 

which their methods fail. Moving forward, 

deidentification should not be considered 

a useful basis for policy.

Full text at http://dx.doi.org/10.1126/science.

aaf1578
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IDENTITY AND PRIVACY

Comment on “Unique in the shopping
mall: On the reidentifiability of credit
card metadata”
David Sánchez,* Sergio Martínez, Josep Domingo-Ferrer

De Montjoye et al. (Reports, 30 January 2015, p. 536) claimed that most individuals can be
reidentified from a deidentified transaction database and that anonymization mechanisms
are not effective against reidentification. We demonstrate that anonymization can be
performed by techniques well established in the literature.

D
e Montjoye et al. (1) concluded that, for
most customers in a deidentified credit card
transaction database, knowing the spatio-
temporal features of four purchases by the
customer was enough to reidentify her. Re-

identificationwasmeasured according to “unicity”
(2) (a neologism for uniqueness), which, given a
number of personal features assumed to be
known to an attacker, counts the number of in-
dividuals for whom these features are unique.
First, de Montjoye et al.’s reidentification fig-

ures are probably overestimated, because their
database of 1.1 million customers seems only a
fraction of the population of an undisclosed coun-
try (presumably, several millions). Unfortunately,
they did not make their data set public, which
prevents reproducing their results. As highlighted
by Barth-Jones et al. (3), with a nonexhaustive
sample, an individual’s sample uniqueness/unicity
does not imply population uniqueness and, hence,
does not allow unequivocal reidentification; as-
suming otherwise clearly overestimates the re-
identification risk. Moreover, not even population
uniqueness automatically yields reidentification:
The attacker still needs to link the records with
unique features to external identified data sources
(e.g., electoral rolls).
To reduce the high unicity in their database,

de Montjoye et al. implemented some unrefer-
enced “anonymization” strategies to coarsen da-
ta (such as clustering locations) that fell short
of sufficiently reducing unicity. From this, de
Montjoye et al. drew conclusions about the in-
effectiveness of anonymization methods and
highlighted the need for “more research in com-
putational privacy.”
Wemust recall that reidentification risk in data

releases has been treated in the statistical dis-
closure control (4, 5) and privacy-preserving data
publishing (6) literatures for nearly four decades.

As a result, a broad choice of anonymizationmeth-
ods exists. These usually suppress personal iden-
tifiers (such as passport numbers) and mask
quasi-identifiers (QIs). The latter are attributes
such as zip code, job, or birthdate, each of which
does not uniquely identify the subject but whose
combination may. Because QIs may be present in
public nonconfidential data bases (like electoral
rolls) together with some identifiers (like passport
number), it is crucial to mask them to avoid re-
identification. It is easy to see that reidentification
through QIs [studied at least since 1988 (7) and
popularized by the k-anonymity model (8)] is
equivalent to the unicity idea rediscovered by de
Montjoye et al. in 2013 (2)—that is, a subjectwhose
QI values are unique in a data set risks being
reidentified.
Data coarsening is indeed amethod often used

in anonymization to mask QIs (8). However, de
Montjoye et al. concluded that their coarsening-
based anonymization was ineffective. This is un-
surprising because they coarsened attributes
independently and used value ranges fixed ex
ante, which is inappropriate for at least two
reasons: (i) to offer true anonymity guarantees,

coarsening should be based on the actual dis-
tribution of the data set (i.e., a fixed range may
contain a single value among those in the data
set); and (ii) independently coarsening each QI
attribute cannot ensure that unique QI value
combinations disappear (coarsening must con-
sider all QIs together).
To illustrate the effectiveness of anonymization,

the simple and well-known k-anonymity notion
is enough. In a k-anonymous data set, records
should not include strict identifiers, and each
record should be indistinguishable from, at least,
k – 1 other ones regarding QI values. Thus, the
probability of reidentification of any individual is
1/k. Hence, for k > 1, this probability is less than
1 for all records, thereby ensuring zero unequivocal
reidentifications. Moreover, by tuning k, we can
also tune the level of exposure of individuals.
We looked for a data set with similar structure

and unicity/reidentification risk properties to de
Montjoye et al.’s data (which were unavailable)
to show the effectiveness of k-anonymity. We
chose a synthetically generated version of a pub-
licly available patient discharge data set (that we
call SPD), which includes the nearly 4 million pa-
tients admitted in 2009 toCalifornia hospitals [see
details at (9)]. This data set includes a set of spa-
tiotemporal features of the patients and, unlike de
Montjoye et al.’s data set, it covers the whole pop-
ulation of 2009 California patients; hence, unique-
ness in this data set quantifies the population
reidentification risk (9). As shown in Fig. 1 the
high risk reached for the SPD data set when the
attacker knows all the patient’s features (75%) is
coherent with the high (even though overesti-
mated) unicities reported by de Montjoye et al..
We enforced k-anonymity by grouping records

with similarQIs (census+ spatiotemporal features)
in clusters ofk ormore andgeneralizing/coarsening
their QI values to their common range (9).
Figure 2 compares the risk of unequivocal re-

identification and correct randomreidentification
of k-anonymity versus a naïve coarsening similar
to deMontjoye et al.’s, with “fixed” intervals cover-
ing 1/32, 1/16, and 1/8 of the domain ranges of the
attributes (9).Unlikenaïve coarsening,k-anonymity
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Fig. 1. Reidentification risk in the SPD data set depending on the attributes known by the
attacker.



yielded zero unequivocal reidentifications and a
rate 1/k of correct random reidentifications when
the attacker knows all QIs.
Furthermore, anonymized data should also re-

tain analytical utility, which ultimately justifies
data publishing. With k-anonymity, data utility
is retained by grouping similar records together
and by masking only those that do not fulfill the
privacy criterion (de Montjoye et al.’s naïve
coarsening fails to do either). Moreover, the trade-
off between privacy and utility can be balanced by
adjusting k. To illustrate, we have measured the
information loss incurred by masking as the
average distance between the SPD data set and
its anonymized versions (9). Figure 2 shows that
2-anonymity not only yields less reidentifications
but also less information loss than the safest naïve
coarsening.
In addition to k-anonymity, there ismuchmore

in the anonymization literature. Specifically, ex-
tensions of k-anonymity [e.g., t-closeness (10)] also

address attribute disclosure, which occurs if the
values of the confidential attributes within a
group of records sharing all QI values are too
close. In (9), we report how t-closenessmitigates
attribute disclosure by using the algorithm we
proposed in (11). Moreover, the current research
agenda includes more challenging scenarios, like
big-data anonymization (in which scalability and
linkability preservationare crucial) (12, 13), stream-
ing data anonymization (14), and local or co-utile
collaborative anonymization by the data subjects
themselves (15).
In conclusion, data owners and subjects canbe

reassured that sound anonymization methodol-
ogies exist to produce useful anonymized data
that can be safely shared for research.
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TECHNICAL RESPONSE
◥

IDENTITY AND PRIVACY

Response to Comment on
“Unique in the shopping mall:
On the reidentifiability of
credit card metadata”
Yves-Alexandre de Montjoye1,2* and Alex “Sandy” Pentland1

Sánchez et al.’s textbook k-anonymization example does not prove, or even suggest, that
location and other big-data data sets can be anonymized and of general use. The synthetic
data set that they “successfully anonymize” bears no resemblance to modern high-
dimensional data sets on which their methods fail. Moving forward, deidentification should
not be considered a useful basis for policy.

W
e believe that Sánchez et al. (1) funda-
mentally misunderstand the size and
dimensionality of modern big-data data
sets and how they are being used in
industry and research.Making data avail-

able for socially beneficial applications is vitally
important. We are therefore highly concerned by
the failure of some in the “statistical disclosure
control” community to reassess the limits of data
anonymization (or deidentification) in the face
of fast technological evolution. This insistence on
sticking with “how we’ve done it for 40 years”
risks (i) forcing us, as a society, to suffer either a
dramatic loss of privacy or a sharp reduction in
the availability and use of data in the coming
decade, and (ii) preventing the development and
adoption ofmodern privacy-through-security solu-
tions for big data (2).
The textbook analysis presented by Sánchez

et al. does not prove or even suggest that high-
dimensional data sets, such as the one generated
from credit cards,mobile phones, browsers, or the
Internet of things, where hundreds or thousands
of points are known for each individual across
years, can be effectively anonymized. Specifically,
the synthetic medical data set that Sánchez et al.
successfully anonymize bears no resemblance to
the high-dimensional data sets to which we refer
in our studies (3, 4) andwhich their textbookmeth-
od would utterly fail to anonymize. Their data set
contains a total of nine points, or quasi-identifiers
(information that could be used to reidentify some-
one), per individual and cannot be used to track
an individual across time.
Mobile phones typically record a person’s

location—also a quasi-identifier (5)—from every
couple of hours to every 5 minutes, and payment

systems up to a couple of times a day, often gen-
erating data sets that contain hundreds to thou-
sands of points per individual across time. The
intrinsic anonymizability of a data set is substan-
tially driven by basic combinatorics. Showing that
a method can anonymize a small (0.027 GB com-
pressed) and low-dimensional data set of nine
points does not prove anything about its ability
to anonymize modern high-dimensional data
sets containing hundreds or thousands of points
per individual, such as a person’s location in a
country every 5 minutes for a year. In fact, the
data set studied by Sánchez et al. is trivially
anonymized by any method, including the one
we used, which, when applying the least aggres-
sive generalization, already decreases unicity from
0.7467 to 0.081 by Sánchez et al.’s calculations. In
contrast, we showed that unicity only decreases
very slowly with both spatial and temporal gen-
eralization in mobile phone and credit card data
sets (3, 4). We furthermore showed that an at-
tacker can easily compensate for this decrease by
collecting a few more external points: knowing
that the person we are searching for was at a
given place at a given time.
In addition, showing that a data set can be

anonymized and still be useful for a specific
application—which Sánchez et al. do not show—
is not sufficient. The privacy guarantees offered
by anonymization methods such as the one
used by Sánchez et al. only hold if the data are
anonymized one time (i.e., one anonymization
method with one set of parameters per data set
ever). The samemobile phone data are, however,
already being used to study human mobility and
behavior in cities (6), the geographical partition-
ing of countries (7), and the spread of informa-
tion in social networks (8). To argue that sound
anonymization methods are sufficient to protect
people's privacy in mobile phone or credit card
data, one would need to show that a single ano-
nymization method can anonymize the data and

yet allow formost present—andhopefully future—
data uses.We currently have no reason to believe
that such a method will ever exist for modern
high-dimensional data sets.
Furthermore, Sánchez et al. claim that the ano-

nymization method that we used is suboptimal.
The choice of a specific anonymization method
and set of parameters depends on how the data
will be used. The one we picked—lowering the
spatial and temporal resolution of the data—is
both a general and a natural one. Although, by
definition, one can never rule out the existence
of a substantially more efficient anonymization
method, the authors do not present evidence of
one. Our analysis furthermore shows that, even if
a new method were to be twice as effective as
ours, one would still have to decrease the spatial
and temporal resolution of the data by a factor of
15 to approach a reasonably low unicity knowing
10 points (3). This means that the location of an
individual would only be known every 15 hours
with an accuracy of roughly 15 km2, raising doubts
on the general utility of this data. In fact, one
study that actually attempted to (k-)anonymize
high-dimensional location data through trajectory-
based clustering (nonorthogonal generalization)
concluded that their results are in agreementwith
ours and “provide insights behind the poor ano-
nimizability” of mobile phone data sets (9).
Finally, Sánchez et al. claim that our “reidenti-

fication figures are probably overestimated” be-
cause our data set contains “only a fraction of the
population of anundisclosed country.”Thismeans
that Sánchez et al. decide, when estimating the
risk of an individual to be reidentified, that an
attacker could never know whether the person
he is searching for is in the data set—e.g., is a
client of a specific carrier—or not. As we pointed
out before, this arbitrary assumption artificially
lowers the estimated, and thus perceived and
potentially legally sanctioned, risk of reidentifica-
tion without changing at all the actual risk for
people in the released data set (5). Its reliance on
such unscientific assumptions when protecting
individuals’ privacy is precisely why we, and oth-
ers (5, 10, 11), have argued that deidentification is
not a useful basis for policy.
To conclude, Sánchez et al.’s Comment arises

from a fundamental misunderstanding of the
size and dimensionality of modern big-data data
sets and how they are being used. The textbook
analysis they present does not prove, or even sug-
gest, that high-dimensional data sets, such as the
ones generated from credit cards, mobile phones,
browsers, or the Internet of things, can be effec-
tively anonymized. We have currently no reason
to believe that an efficient enough, yet general,
anonymization method will ever exist for high-
dimensional data, as all the evidence so far points
to the contrary. The currentdeidentificationmodel,
where the data are anonymized and released, is
obsolete and should not be used for policy.
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CHEMISTRY

Designer protein delivery:
From natural to engineered
affinity-controlled release systems
Malgosia M. Pakulska, Shane Miersch, Molly S. Shoichet*

BACKGROUND: Protein therapeutics consti-
tute a multibillion-dollar market, yet their for-
mulation and sustained delivery still pose a
substantial challenge. Controlled release strat-
egies developed for small-molecule drugs, such
asmicroparticle encapsulation, typically involve
organic solvents and harsh processing condi-
tions that are detrimental to protein structure
and function. Affinity-controlled release has
emerged as an alternative strategy for the sus-
tained and tunable release of protein therapeu-
tics in a neutral aqueous environment, thus
reducing protein loss and improving loading.

Affinity-controlled release depends on a pre-
ferred noncovalent interaction between a pro-
tein therapeutic and a binding ligand. This
binding ligand can be another protein, a pep-
tide, or an oligonucleotide. Typically, the bind-
ing ligand is covalently linked to a polymer
matrix, such as a hydrogel. Soluble protein is
added, and equilibrium is established between
free protein and ligand-bound protein. Whereas
free protein is able to diffuse from the system,
bound protein cannot. This equilibrium is dy-
namic and changes in response to local condi-
tions. The rate of protein release from the

system is therefore governed not only by pro-
tein diffusivity and the concentration gradient,
but also by the concentration of the binding lig-
and, the strength of the interaction, and the bind-
ing kinetics. The challenge lies in finding binding
ligands that afford the desired release profiles.

ADVANCES: The earliest affinity-controlled
release systems mimicked the extracellular
matrix by using heparin to reversibly bind and
control the release of various growth factors.
Other natural interactions have since been
used for affinity-controlled release, including
albumin with small-molecule therapeutics and
antibodies with cognate antigens. These sys-
tems have allowed for sustained release of pro-
tein therapeutics while maintaining protein

activity; however, natural-
ly occurring interactions
are inherently limited in
terms of available targets
and binding strengths. In
vitro selection and directed
evolution are established

techniques for isolationandengineeringof bind-
ing partners against virtually any protein tar-
get. Harnessing these techniques for affinity-
controlled release applications is now under-
way and has resulted in novel peptide-, protein-,
and oligonucleotide-based binders for the sus-
tained release of several growth factors.

OUTLOOK: Many opportunities exist for the
discovery or design of binding ligands for
affinity-controlled release. Computational tech-
niques can help to identify protein backbones
that have geometric and electrostatic comple-
mentarity to a target, reducing the screening
required to isolate lead variants. Selection condi-
tions can be tailored to isolate intermediate-
strength binders, or iterative rounds of in vitro
evolution can provide a series of related var-
iants with a spectrum of affinities for a target.
Competition selections can ensure selectivity
for simultaneous yet independent release of
multiple proteins from their corresponding
binding ligands. On-demand affinity-controlled
release has yet to be explored, but structure-
switching aptamers and computational design
of allosteric regulator sites showpotential. These
techniques, coupled with concurrent advances
in accurate high-throughput measurement of
binding constants, will allow for the creation
of libraries of binding partners with various
affinities for each target therapeutic. Such a
standardized yet versatile controlled release
strategy has the potential to improve reproduc-
ibility and accelerate optimization of protein
delivery systems.▪
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CHEMISTRY

Designer protein delivery:
From natural to engineered
affinity-controlled release systems
Malgosia M. Pakulska,1 Shane Miersch,2 Molly S. Shoichet1,3*

Exploiting binding affinities between molecules is an established practice in many fields,
including biochemical separations, diagnostics, and drug development; however, using
these affinities to control biomolecule release is a more recent strategy. Affinity-controlled
release takes advantage of the reversible nature of noncovalent interactions between a
therapeutic protein and a binding partner to slow the diffusive release of the protein from a
vehicle. This process, in contrast to degradation-controlled sustained-release formulations
such as poly(lactic-co-glycolic acid) microspheres, is controlled through the strength of
the binding interaction, the binding kinetics, and the concentration of binding partners. In
the context of affinity-controlled release—and specifically the discovery or design of binding
partners—we review advances in in vitro selection and directed evolution of proteins,
peptides, and oligonucleotides (aptamers), aided by computational design.

M
olecular medicine has allowed us to find
and characterize the fundamental molec-
ular or genetic causes of many diseases
and injury pathologies. Although small-
molecule drugs remain valuable, protein-

based drugs have emerged as a way to correct
such pathologies using innate processes. Exam-
ples include the use of insulin to treat diabetes
(1), antibodies against vascular endothelial growth
factor (VEGF) to treat hyperactive vasculature in
wet age-related macular degeneration (2), and
erythropoietin to treat anemia (3). The protein
drugmarketwasworth $151.9 billion in 2013 and
is expected to reach $222.7 billion by 2019 (4).
This includes proteins that directly serve a ther-
apeutic purpose (e.g., insulin, antibodies), protein
vaccines (e.g., the HPV vaccine), and protein-
based diagnostics (e.g., technetium-labeled anti-
bodies for imaging) (5).
Despite the commercial availability of protein

drugs, their formulation and delivery still pose
substantial challenges (6). Most protein drugs are
currently administered by repeated injections
and, to the best of our knowledge, only one sus-
tained release protein formulation has been clin-
ically approved (Nutropin Depot, Alkermes and
Genentech) (7, 8). With protein activity depen-
dent on tertiary or even quaternary structure,
sustained-release strategies developed for small-
molecule drugs, such as encapsulation within
poly(lactic-co-glycolic acid) microspheres, have
proven difficult to translate. These microspheres

are typically prepared using a double-emulsion
solvent evaporation process, where organic sol-
vents and shear stress can cause protein in-
stability and consequent loss of function. Affinity-
controlled release is an alternative sustained-
release strategy that is attractive for protein drugs,
because the components can usually be mixed to-
gether in a neutral aqueous environment with
low losses and high loading.
Affinity is a general term used to refer to a pre-

ferred noncovalent interaction (electrostatic, hy-
drophobic, and/or van der Waals) between two
binding partners, such as protein-protein, protein-
peptide, or protein-polymer interactions. Affinity-
controlled release takes advantage of these in-
teractions to slow the diffusion of a drug from a

release system. This is usually achieved by immo-
bilizing a drug-binding ligand within a polymer
matrix, often a hydrogel.
The challenge in affinity-controlled release is

finding the right binding partners to achieve the
desired release profile. Although many naturally
occurring binding partners exist, the discovery
and engineering of novel bindingpartners through
advances in in vitro selection, directed evolution,
and computational design have presented new
possibilities for controlling biomolecule release
using affinity (Fig. 1). A recent review of binding
interactions used for affinity-controlled release (9)
is a useful accompaniment to this review.Whereas
theprevious review focuseson theaffinity-controlled
release systems that have been used to date, this
review aims to show how binding partners can be
discovered or designed in order to make affinity-
controlled release a convenient strategy for sus-
tained drug release.

Characterizing binding partners for
affinity-controlled release

Affinity itself is not a novel concept: Scientists
have been exploiting affinity between molecules
for decades in enzyme-linked immunosorbent as-
say, immunostaining, and purification techniques,
among others. To be successful, these laboratory
techniques rely on strong and specific interactions
that are often considered to be nearly irreversible.
All affinity interactions, however, exist in equilib-
rium. This dynamic equilibrium is what makes
affinity binding useful for controlled biomolecule
release.
In a simple bimolecular affinity system, two

molecules associate at a rate of kon to form a
complex and dissociate at a rate of koff (Fig. 2).
The ratio of these two rates determines the ratio
of free and bound species at equilibrium and is
defined as the equilibrium dissociation constant,
Kd (Eq. 1).

Kd ¼ ½freespecies�eq
½boundspecies�eq

¼ koff
kon

ð1Þ
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Fig. 1. Interactions suitable for affinity-controlled release can be discovered or designed in dif-
ferent ways. Naturally occurring interactions such as antibody-antigen or receptor-ligand binding
(shown on the left) can be exploited for affinity-controlled release. Members of a protein or peptide
library can be selected and screened for their ability to bind a target using display methods (e.g.,
phage, yeast, bacterial, or ribosomal) or yeast two-hybrid systems. In vitro selection can be combined
with diversification steps (e.g., random mutagenesis) in multiple iterative rounds to obtain in vitro–
evolved ligands that bind a specific target. Computational methods can be used to design sequences
and structures that bind a target.



The rate of release from an affinity-controlled
system is governed by both diffusion and the
association-dissociation reaction (Fig. 2). Generally
speaking, the stronger the interaction (smallerKd)
and/or the higher the concentration of the im-
mobilized binding partner, the slower the release.
In-depth analysis of how individual factors affect
affinity-controlled release rates and release pro-
files can be found in (10–12).
To fully characterize a binding pair for affinity-

controlled release, Kd and either kon or koff must
be known. Themost commonly usedmethods for
quantifying affinity binding interactions are iso-
thermal titration calorimetry (ITC), surface plas-
mon resonance (SPR), quartz crystalmicrobalance
(QCM), and spectroscopicmethods, although only
SPR and QCM provide kinetic data (13, 14).
ITC is themost commonapproach for obtaining

thermodynamic data for molecular interactions,
but it provides no information about kinetics and
is limited to solution-based equilibria (15). SPR
and QCM are both powerful measurement me-
thods because they give binding information in
real time and provide kinetic as well as equilib-
rium data (16, 17); however, they require the im-
mobilization of one of the components, potentially
affecting the binding interaction (18).
Spectroscopic methods include fluorescent cor-

relation spectroscopy (19), fluorescence anisotropy
(20, 21), and Förster resonant energy transfer
(FRET) (22). These methods can also provide in-
sight into the nature of the binding site and the
distance between fluorescent tags on the two
boundmolecules (14), but the presence of fluoro-
phores or fluorescent tags can change the environ-
ment around the binding site, possibly resulting
in inaccurate measurements. Spectroscopicmeth-
ods usually have low sensitivity, requiring strong
binding (Kd < 10−6 M) or high concentrations
(millimolar range) to be effective. Table 1 summa-
rizes the characteristics of these techniques.
These current experimental methods to mea-

sure binding constants are time-consuming. For
tunable release rates based on variable binding
strength, we need methods to measure Kd and

kinetics in a high-throughput manner so that we
can create libraries of molecules with a range of
Kd for the same drug target.
Several advances are being made in instru-

mentation for high-throughput screening of bind-
ing constants. Miniaturization of ITC instruments
has decreased the sample size and measurement
time required, although measurements are still
performed in series. Array calorimetry, in which
multiple measurements are performed in paral-
lel, is an emerging technology but is not yet avail-
able commercially (23). SPR microscopy (SPRM)
is essentially SPR with a charge-coupled device
detector array, offering high spatial resolution
for each binding event (24, 25). This can be cou-
pled with patterned microarrays of biomolecules
or microfluidics (26) for a high-throughput meth-
od of measurement. Similarly, a QCM sensor ar-
ray coupled with microfluidics could be used for
high-throughput QCM measurements (27).
Spectroscopic methods can be combined with

microfluidics formassively parallelmeasurements
of binding kinetics. Geertz et al. (28) used me-
chanically induced trapping of molecular interac-
tions in a microfluidic platform to simultaneously
analyze the kinetics of transcription factors bind-
ing to their fluorescently labeled DNA ligands—a
total of 223 unique interactions. These interac-
tions have a range of Kd values and tend to have
high association rates and short half-lives, making
them challenging tomeasure using standard tech-
niques (28, 29).
An additional challenge is quantifying the

interaction of biomolecules immobilized to a
polymer matrix, as is often the case in affinity-
controlled release systems. In this sense, mea-
surementmethods where one of themolecules is
immobilized, such as SPR and QCM, may best
emulate the release conditions if the method of
attachment is the same (30). Other methods in-
clude indirect measurement of binding constants
by fitting experimental data to adsorption or dif-
fusion models for molecules within the gel (31).
For example, the binding constant for a protein
immobilized to a gel was measured by observing

the diffusion of its binding partner after wet-
stamping it on specific sites on the gel surface
(32). Indirect methods such as this, however, are
not high-throughput, and SPRM coupled with
microfluidicsmay be the current option that best
mimics the affinity-controlled release environment.
Another important characteristic of a binding

pair is specificity, especially in the context of the
simultaneous release of multiple therapeutics.
Interaction strength is often mistaken for high
specificity, but these are different concepts (33).
Interaction strength is the difference in free energy
between bound and unbound states (DG), whereas
specificity is the difference in the DG of binding
between two different binding pairs (DDG).
Although we think of bimolecular interactions

as single binding events, each one is actuallymade
up of many individual, interdependent events.
Specificity can be independent of affinity if there
are individual interactions that confer no energy
change from the unbound to the bound state,
such as if the decrease in the free energy of the
interaction is exactly balanced by the increase in
free energy caused by the removal of water. These
interactions would then contribute to the spec-
ificity of binding but not to the overall strength
(affinity) of the interaction (34). Similarly, one
might think a higher complementary surface area
would result in higher specificity, but this is not
always the case. A major reorganization upon
binding could lead to higher energy costs to the
molecule that outweigh the benefits of a larger
complementary interface. An alternative binding
partner with a less desirable interface but with
no requirement for reorganization might there-
fore preferentially interact (35).

Affinity-controlled release inspired
by nature

The noncovalent interaction between heparin in
the extracellular matrix (ECM) and a series of
growth factors serves as the inspiration for many
of the affinity-controlled release systems pursued
today. Within the ECM, heparin binds growth
factors such as basic fibroblast growth factor
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Fig. 2. Schematic of an affinity-
controlled release system. A protein
therapeutic (triangle) binds reversibly
to an immobilized binding ligand (polygon)
within a polymer matrix via electrostatic
(ionic or hydrogen-bonding), hydrophobic,
and/or van der Waals interactions. Diffusive
release [the change in concentration
(C[triangle]) over time (t); dashed arrow]
of the therapeutic from the hydrogel is
governed by the protein concentration
gradient (dC/dx), its diffusivity within the
matrix (D), the concentration of the
immobilized binding ligand (C[polygon]), the
equilibrium dissociation constant (Kd), and
the binding kinetics (kon and koff).
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(bFGF), VEGF, and nerve growth factor (NGF)
with Kd values ranging from 10−6 to 10−9 M (36).
The earliest examples of affinity-controlled release
used albumin-heparin microspheres to control
the release of adriamycin, a cytostatic agent
(37), or heparin-Sepharose beads within alginate
microcapsules to control the release of bFGF
(38, 39). There are now numerous studies that
have taken advantage of heparin for affinity-
controlled release of bFGF (40, 41), VEGF (41, 42),
NGF (43), neurotrophin 3 (43, 44), brain-derived
neurotrophic factor (43), and bone morphogenic
protein 2 (45), among others. However, the het-
erogeneity and promiscuity of heparin make it
challenging to reproduce and control binding.
Binding to heparin is primarily mediated by

electrostatic interactions with sulfate groups
that are negatively charged at physiological pH.
Other anionic polymers, such as sulfated alginate
(46, 47) and gelatin (48, 49), have also been used
for affinity-controlled release because of their
potential for electrostatic interactions. Gelatin
can be produced recombinantly with specific
isoelectric points, thus increasing control over
binding strength (50). Molecular imprinting is
another method to generate affinity for a specific
molecule within a polymer.Molecularly imprinted
polymers are synthesized in the presence of the
imprinting molecule, thereby retaining pockets
that specifically recognize thismolecule. Although
molecular imprinting has been used for affinity-
controlled release of small molecules (51), the syn-
thesis of polymers that can specifically recognize
proteins remains a challenge because of protein
size and flexibility and the necessity for aqueous
conditions (52). Additionally, once imprinted,
a polymer must remain intact, limiting inject-
ability and the potential for minimally invasive
application.
Other molecules with known binding partners,

such as albumin (53) and antibodies (54), have
also been used for affinity-controlled release. Pro-
teins that do not have well-known binding part-
ners have been recombinantly expressed as fusions
with a binding domain. For example, Jeon et al.
sustained the release of a FGF-collagen binding
domain fusion protein from collagen matrices
for up to 7 days to promote angiogenesis in is-
chemic organs (55). Other recombinant strategies

have employed Src homology domain 3 and its
binding partners to control the release of protein
therapeutics such as bFGF, chondroitinase ABC,
and insulin growth factor 1 fusion proteins from
hydrogels for 7 days or more (56–58).

In vitro selection and directed evolution
of binding peptides and proteins

If an appropriate binding interaction for a ther-
apeutic protein of interest is not known, in vitro
selection and directed evolution can be used to
identify and optimize novel protein-protein or
protein-peptide interactions for use in affinity-
controlled release. The process of designing af-
finity partners proceeds through (i) the creation
of a combinatorial DNA library bymeans of muta-
genesis of a known peptide sequence or protein
scaffold; (ii) the display of the peptide or protein
variants using phage, bacteria, yeast, ribosome,
or mRNA display; and (iii) in vitro selection of
variants from the displayed library through re-
peated rounds of exposure to the target of inter-
est, capture, elution, and amplification. The term
“scaffold”here represents a protein backbonewith-
in which mutations can be made, rather than a
biomaterial for tissue engineering applications.
Selected variants can then be characterized for
affinity, specificity, and stability and stratified for
application and/or continued engineering of de-
sired attributes using directed evolution (Fig. 3).
Efforts in this field have resulted in the identifi-
cation of a wide variety of novel interactions that
could be exploited for affinity-controlled release
applications, and a database of affinity peptides
(MimoDB) now exists (59).
Directed evolution offers a powerful means of

modifying a protein to obtain desirable proper-
ties. These methods begin with a lead binding
candidate and involve multiple iterative rounds
of randomization, selection against a target under
evolutionary pressures to eliminate undesirable
clones, and characterization of variant properties
(Fig. 3). Although examples of the directed evolu-
tion of antibodies are numerous (60, 61), their
larger size, more complex architecture, and high
binding affinities limit their utility for affinity-
controlled release. Increasingly, smaller protein
scaffolds (62, 63) are being designed for use as
protein therapeutics, diagnostics, and imaging

agents (62–64). Each step in the in vitro selection
and directed evolution process is described below
in the context of affinity-controlled release.

Combinatorial libraries
and randomization

The purpose of randomization is to sample as
large a sequence space as possible in order to
identify a variant with desired properties, while
considering limitations imposed by the display
platform and the approach to randomization.
Forshortpeptides, randomizationcanbeachieved

by direct chemical synthesis using solid-phase
split-mix synthesis. In this approach, a different
amino acid is coupled to each pool of nascent
peptide; the pools are thenmixed and split again.
The process is repeated, resulting in an exponen-
tial increase in the number of peptide variants
with each round (65). Split-mix synthesis has been
used to rationally design a combinatorial library
of peptides to bind VEGF. In this instance, the
amino acidswere chosen tomimic the VEGFbind-
ing region of heparin and included four sulfated
residues. Peptides that bound VEGF were selected
using a microbead-based binding assay with flu-
orescently modified VEGF and characterized by
SPR. The strongest resulting binding peptide
bound VEGF with a Kd of 3.1 × 10−6 M (66).
Although arguably simpler given the lack of in-
termediate organisms (e.g., bacteria or phage),
this type of approach is limited to small peptides,
whichmay not provide enough diversity to achieve
a desired interaction.
Alternatively, for longer peptides and proteins,

combinatorial libraries for use in in vitro selec-
tion can be generated by means of mutagenesis.
Mutagenesis can be achieved by random position
methods [(error-prone polymerase chain reaction
(PCR)], mutagenic oligonucleotide–based meth-
ods [hard and soft randomization, custom codon
(67), and di- and tri-nucleotide codons (68–70)],
or recombination-based block-shuffling meth-
ods (71). Although error-prone PCR is a popular
method, only one to three mutations are intro-
duced per gene at random (72, 73), leaving little
room for rational design. In contrast, mutagenic
oligonucleotide–based methods offer more re-
fined control over the position and type of muta-
tions that are introduced, which can help to limit
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Table 1. Comparison of methods used to quantify affinity binding interactions. Data are from (13–22, 146). DH and DS are the enthalpy and entropy of

binding, respectively.

Method ITC SPR QCM Spectroscopic methods

Kd range 10−3 to 10−9 M 10−3 to 10−12 M 10−4 to 10−10 M < 10−6 M
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Thermodynamic data (DH, DG, DS)? Yes No No No
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Kinetic data (kon/koff)? No Yes Yes No
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Immobilization? No Yes Yes No
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Modifications (e.g., fluorescent tag)? No No No Yes*
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

High-throughput potential Array

calorimetry

SPR microscopy

coupled with

microfluidics

QCM sensor array

coupled with

microfluidics

Coupled with

microfluidics

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

*Except for cases of innate fluorescence (e.g., tryptophan fluorescence).
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the number of nonfunctional variants in the li-
brary. Random position and oligonucleotide-based
approaches are often viewed as complementary.
When developing randomization schemes, it is

important to strike a balance between the theo-
retical diversity that can be introduced and the
limitations of the display platform. For instance,
hard randomization usingNNNoligonucleotides
(where N represents equal proportions of A, C, G,
and T) in nine positions could create 209 or 5.12 ×
1011 unique clones, approaching the limit of
what can be captured with some display methods
(discussed in the next section). The simple use of
NNK or NNS oligonucleotides (where K indicates
an equal proportion of G and T, and S indicates
an equal proportion of C and G) still permits all
20 amino acids, while reducing the number of
nonfunctional clones by eliminating two of the
three stop codons (67). Redundancy in the genetic
code may also result in various degrees of amino
acid bias. Combinatorial approaches such as di-
and tri-nucleotide block precursors (68, 69, 74)
for oligonucleotide synthesis can further reduce
or eliminate redundancy but may be prohibitive-
ly expensive for some laboratories. Novel combi-
natorial strategies are being devised to generate
both cost-effective and nondegeneratemutagenic
primers and have been assisted by computa-
tional efforts (75–77). Investigators should con-
sider the type or scope ofmutations incorporated
and the potential forms of bias in each approach

when developing selection and evolution strat-
egies for a particular application (74).
For identification of novel binding pairs, nu-

merous protein scaffolds have been shown to be
amenable to randomization and the development
of de novo binding interfaces (78–81). These efforts
have been aided by the existence of structural
information that can facilitate rational engineer-
ing choices regarding (i) the types of mutations
that are likely to be tolerated by various regions
and structures and (ii) the identification of resi-
dues and regions that contribute critically to bind-
ing interactions when randomizing the binding
surface. Additionally, computational techniques
such as protein docking can aid in identifying scaf-
fold proteins with shape and electrostatic com-
plementarity for a target (discussed below) (82).
Currently, the majority of these engineered pro-
teins function as antagonists, blocking interac-
tions by binding receptors or soluble factors. If
these molecules were immobilized in a polymer
matrix, they could instead act as a depot for their
selected binding partner and prolong therapeutic
action. For example, a VEGF antagonist, Angiocal,
is designed to treat solid tumors (83); however,
one could reverse this strategy and use it for
affinity-controlled release of VEGF, which has
been studied as a therapeutic in numerous tissue-
regeneration applications, including cardiac re-
pair after infarction or heart failure (84). Thus,
the same technology that is used to sequester

VEGF could be leveraged to create a simple, well-
defined, tunable VEGF delivery system.

Display platforms

Display platforms translate the genetic informa-
tion in the combinatorial library to peptides and
proteins, effectively coupling genotype and phe-
notype, for subsequent exposure to the target of
interest and the isolation and characterization of
binding clones.
Phage display using a filamentous phage, such

as M13, f1, or fd, is one of the most widely used
display methods because of its high phage titers,
library diversity (109 to 1011 variants), and easy
access to encoding genes (85, 86). The option of
displaying proteins as either a fusion with pIII
(monovalent) or pVIII (polyvalent) phage coat
protein may be particularly useful for affinity-
controlled release applications, because avidity
effects during polyvalent display can promote
the isolation of weaker binders. Peptides (87, 88)
and small and mid-size homo- or heteromeric
proteins—such as fibronectin (Adnectin) domains
(81), three-helical bundles (89, 90), anticalins
(79), and atrimers, among others (62, 80)—have
been successfully selected and engineered from
phage-displayed libraries. Recent reports describe
the use of a commercial phage-displayed peptide
library to find short peptide sequences that bind
heparin or NGF for subsequent use in affinity-
controlled release; identifiedpeptideswere coupled
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Fig. 3. Naïve selection and/or directed evolution can be used to find
and optimize novel binding partners for a target. For illustration, regions
of a protein scaffold displayed on the surface of a phage (depicted in
white) are colored corresponding to mutations (a series of X’s) shown in
the primary sequence below the structure. Scaffold protein or peptide can-
didates are randomized to generate naïve libraries for use in in vitro selection
against immobilized target proteins. Target-binding variants are captured

and enriched from libraries in repeated rounds of selection, then charac-
terized and ranked to identify lead variants. Successive rounds of protein
or peptide lead randomization and selection under affinity-modifying
pressures (antigen or competitor concentration, binder valency, and tem-
perature) enable exploration of possible binding interfaces. By directing
the evolution of binding properties, a system suitable for tunable affinity-
controlled release can be achieved.
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to fibrin matrices for controlled release of hep-
arin and NGF (91) or NGF alone (92), with the
rate of release being dependent on the strength
of the interaction (91).
Cell-surface display methods are attractive

because of their potential for coupling with
fluorescence-activated cell sorting for high-
throughput analysis and separation. Efforts to
develop bacterial cell-surface display have dem-
onstrated display levels sufficient to observe en-
richment of binding variants (93), library sizes
ranging from 109 to 1010 (94), and suitability for
use in isolating constrained peptides (95, 96) and
in antibody affinity maturation (97). Despite these
efforts, challenges associated with presentation
of displayed peptides and proteins on the outer
membrane have thus far limited the utility of
this approach (95, 96). Additionally, bacteria are
not capable of eukaryotic posttranslational modi-
fications that are sometimes required for proper
protein folding and function.
Yeast surface display is a eukaryotic alter-

native to bacterial display, circumventing the
challenges faced during heterologous protein
expression. The use of a variety of strains of yeast
and approaches to membrane anchoring have
been demonstrated (98, 99); however, the Aga2p
fusion system in Saccharomyces cerevisiae re-
mains the most widely used (100). Library var-
iants are expressed as anN- or C-terminal fusion
with a secreted Aga2p subunit, which is then
captured by means of disulfide linkages to a
plasma membrane–anchored Aga1p subunit. One
of the primary limiting factors of yeast surface
display is library size, which usually ranges
from ~107 to 109 variants, although increased
functionality due to eukaryotic expression may
offset this limitation. Yeast surface display has
been successfully used to isolate and engineer
peptides (101), protein scaffolds (102), single-
chain antibody fragments (scFvs) (103), and T
cell receptors (104).
In contrast to the above platforms that rely on

efficient DNA transformation and cellular prop-
agation for display, ribosomal andmRNAdisplay
methods offer a fully in vitro alternative.Without
the need for living cells, library sizes of 1012 to
1014 variants are frequently achieved. These two
approaches are similar in that they generate
mRNA transcripts and protein variants from
the DNA library by in vitro transcription and
translation. However, the means by which the
translated protein variants are coupled to their
encoding transcript for purification and use in
selections differ (105). Ribosomal or mRNA dis-
play methods have been successfully used in the
selection and evolution of various types of bind-
ers, including high-affinity cyclic peptides (106),
serum-stable peptides (107), scFvs (73), and a
growing body of protein scaffolds (78, 108), which
could conceivably be used for tunable affinity-
controlled release.

Screening strategies for affinity-
controlled release

To promote the isolation of variants with desired
properties, it is critical to optimize selection con-

ditions, including the method of display, target
concentration, presence of competitors, and time
and temperature of incubation, among others.
For example, off-rate selections with a long incu-
bation period and a large excess of a soluble bind-
ing competitor enabled the isolation of a peptide-
binding scFv clone with a Kd of ~5 pM(73). This
and other screening strategies for drug develop-
ment are usually designed to isolate the strongest
binders; however, for affinity-controlled release, a
range of dissociation constants from the milli-
molar to the nanomolar scale would be desired.
To achieve this, selection conditions favoring
intermediate binders, such as high target concen-
trations and polyvalent display, may be favorable.
Strategies that provide a progressive improve-
ment in affinity, such as iterative rounds of in
vitro evolution, would enable the isolation of a
series of related variants with a spectrum of af-
finities that could then be explored for tunable
affinity-controlled release.
Competition selectionswith soluble target com-

petitors are a commonmethod of applying selec-
tive pressure to enhance affinity by removing
lower-affinity binders; similar approaches can
also enhance the specificity of binding variants for
a target. Enhanced specificity would be important
for the simultaneous affinity-controlled release
of multiple therapeutic proteins. This strategy
was successfully demonstrated in the isolation of
a variant of a serine protease inhibitor, ecotin,
that bound plasma kallikrein with a Kd of 11 pM
but had equilibrium dissociation constants for
five related proteases (FXa, FXIa, FXIIa, MT-SP1,
and plasmin) that were four to seven orders of
magnitude higher (109). The versatility of this
strategy was further demonstrated by varying
screening conditions to allow the isolation of
other ecotin variants with specificities for other
proteases.
Another strategy that is relevant for affinity-

controlled release is the engineering of bispeci-
ficity in a protein scaffold. Nilvebrant et al.
engineered the albumin-binding domain 3 of the
streptococcal protein G both for high-affinity
binding of ErbB2 and tunable binding to human
serum albumin (110). Many of the novel protein
scaffolds that have been described recently are
below the renal filtration cutoff of 60 kDa and
are rapidly cleared from circulation (80). Be-
cause it is an abundant and long-lived serum
protein, binding to albumin can reduce the rate
of clearance. Similarly, engineering a small pro-
tein scaffold to bind both a polymeric vehicle
and a therapeutic target could provide tunable
affinity-controlled release of the therapeutic from
the vehicle. In this case, the engineered protein
would act as an intermediate between the deliv-
ery vehicle and the therapeutic, allowing the
same vehicle to be used for the delivery of a range
of therapeutics.

Directed evolution of
oligonucleotides (aptamers)

Aptamers are short oligonucleotides that derive
their name from the Latin word “aptus,” mean-
ing “to fit.” They are selected by directed evo-

lution to bind a specific target using a process
termed SELEX (systematic evolution of ligands
by exponential enrichment). Similarly to the
directed evolution of proteins described above,
the process begins by subjecting a random se-
quence pool of RNA or DNA to a binding assay
with a target. The sequences that bind are selected,
amplified by PCR, diversified, and resubjected
to the same binding assay. This process is re-
peated until all the RNA or DNA ligands can
bind to the target with high affinity (111, 112).
Theoretically, this method can be used to gen-
erate high-affinity ligands for any therapeutic
protein target.
Aptamers have several advantages over anti-

bodies, including no requirements for animals or
cells, ease of synthesis, and the ability to select
for binders under nonphysiological conditions
(113); however, they suffer from short serum half-
lives (114). Nevertheless, aptamers are being
investigated for a variety of applications (115).
Aptamer microarrays and photo–cross-linkable
variants (116) allow screening for the presence of
protein targets in diagnostic applications (115, 117).
Aptamers can also act as therapeutics, and at least
one aptamer-based therapeutic is currently in clin-
ical use (118). In drug delivery, aptamers are being
investigated for their potential to enable targeted
drug delivery to specific tissues, especially in can-
cer (119–121).
The use of aptamers for affinity-controlled re-

lease has emergedwithin the past 5 years. Aptamer
affinity can be tuned by selection conditions, but
most selection methods are designed to isolate
high-affinity binders. An alternative approach is
to select for a high-affinity aptamer and mutate
the essential nucleotides to obtain a library of af-
inities. This techniquehas resulted in aptamers that
bind platelet-derived growth factor (PDGF)–BB
with affinities ranging from 11 to 350 nM. Conju-
gation of these aptamers to a series of hydrogels—
agarose, poloxamer, and polyethylene glycol (PEG)
diacrylate—resulted in the tunable release of
PDGF-BB (122, 123). High-throughput, parallel
measurements of aptamer binding constants
have generated large libraries of aptamers for a
specific target (124).
Aptamers have also been evolved to bind non-

protein targets such as peptides, smallmolecules,
or nucleic acids (115). For example, aptamers se-
lected to bind tetracyclinewith high affinity were
conjugated to a PEG hydrogel, which increased
tetracycline loading relative to unmodified gels.
This resulted in increased and prolonged anti-
biotic release and ultimately decreased bacte-
rial proliferation between 12 and 72 hours after
treatment (125).
Structure-switching aptamers (SSAs) that are

capable of controlled cargo release in response to
allosteric binding of a specific target molecule
have recently been reported (126). These SSAs
selectively released a fluorescent cargo in response
to allosteric binding of adenosine triphosphate
(ATP) through a conformational change. The
selection procedure involved isolating sequences
that selectively unbound from a column con-
taining the cargo in the presence of ATP. Such
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ligands could provide a method for triggered
affinity-controlled release.

Computational design

Computational design of protein-protein inter-
actions has the potential to generate binding
partners for any therapeutic protein of interest.
Although identification of new protein-protein
interactions remains difficult and computation-
ally intensive, completely new protein folds and
topologies have been generated (127), as have
enzymes with activities not found in nature (128)
and proteins with entirely new binding inter-
faces (129–131).
Computational protein design has two main

steps: (i) sampling of the conformational and se-
quence space and (ii) scoring of the resulting
protein candidates (132, 133). The pool of all
possible conformations and sequences is initially
reduced by starting with a fixed backbone con-
formation and/or through the a priori defini-
tion of fixed residues at the binding interface
(“hotspots”) (130). The chosen backbone con-
formation can be based on an existing three-
dimensional (3D) structure or on a de novo design
(127). Molecular docking simulations are often
used initially to determine which backbone con-
formations exhibit reasonable geometric com-
patibility with the target of interest (134, 135).
The sequence-conformational space is then sam-
pled within these restrictions using stochastic
(e.g., Monte Carlo) or deterministic (e.g., dead-
end elimination) (136) search algorithms. In de-
signing a protein that binds a specific target, the
focus is on optimization of the residues at the
interface. Resulting candidates are filtered by
scoring algorithms that can be knowledge-based
(relying on empirical data collected from protein
databases) or physics-based (derived from phys-
ical principles).
Computational design has not been used di-

rectly for affinity-controlled release to date, but
it has been successfully used to design novel
protein-protein (82, 131) and protein–small mol-
ecule (130) binding pairs. Tinberg et al. (130)
designed a protein that could bind the steroid
digoxigenin (DIG), which is the deglycosylated
form of digoxin, a cardiac glycoside used to treat
heart disease (137). Digoxin has a narrow thera-
peutic window and could benefit from a con-
trolled release strategy. Five predefined hotspot
interactions, including hydrogen bonds to the
polar groups on DIG and hydrophobic packing
interactions among the steroid ring system,
were placed at geometrically compatible sites in
a set of scaffold protein structures. The rest of
the binding site amino acids were then optimized
for binding affinity and protein stability using
RosettaDesign. Designs were scored based on
interface energy, solvent-exposed surface area,
binding orientation, shape complementarity, and
binding site preorganization. Seventeen candi-
dates were chosen for experimental testing,
and the tightest binder bound DIG with a Kd of
12.2 mM, determined by ITC. Directed evolution
was then used to increase the binding affinity
even further (130), yet even the initial affinity

would be useful for affinity-controlled release.
Computational design could also lead to more
sophisticated affinity-controlled release systems.
For example, a pH-dependent immunoglobulin
G (IgG) binding protein has been generated using
hotspot-guided computational protein interface
design (138). This protein has a Kd for IgG of 4.0
nM at pH 8.2 but only 3.8 mM at pH 5.5. If this
protein was conjugated to a polymer scaffold, it
could provide triggered affinity-controlled release
of IgG upon exposure to a low-pH environment,
such as that encountered in tumor tissues
(139–141).
Despite this progress, many challenges still

remain in the computational design of protein-
protein interfaces. The extremediversity of protein
interfaces makes it difficult to predict energeti-
cally important interactions, especially because
many proteins undergo substantial reorganiza-
tion upon binding that may not be captured in
traditional lock-and-key bindingmodels (132, 142).
Solvent effects must also be considered, including
energetically unfavorable desolvation of polar
residues at the binding interface or the presence
of explicit water molecules that are directly in-
volved in binding interactions (143). Except in
the case of truly de novo design, computational
methods rely on 3D structures of homologous
proteins as a starting point; thus, limited struc-
tural information can present a bottleneck. Global
efforts in structural genomics (144) and advances
in homology modeling methods (145) are accel-
erating determinations of macromolecular struc-
ture, thereby increasing the number of available
structures and opening this bottleneck in the
computational design of binding partners.

Future outlook on
affinity-controlled release

Affinity-controlled release provides significant ad-
vantages over traditional sustained drug-release
strategies and is likely to be widely adopted in
the drug delivery community. The elimination of
organic solvents and high shear forces, which are
typically used for protein encapsulation in syn-
thetic water-insoluble polymers, enables higher
active therapeutic loading for the same amount
of polymer vehicle. Although there is still a certain
amount of trial and error required to obtain the
desired release profile fromaprotein encapsulated
within polymericmicro- or nano-particles, mathe-
maticalmodeling of affinity-controlled release has
defined the variables important to control release
profiles: For a known dose and characteristic
diffusion length, the requiredKd and immobilized
ligand concentration can be calculated (12).
Advances in computational design, in vitro se-

lection, and directed evolution offer new ways to
discover or design suitable binding partners for
affinity-controlled release. Combining thesemeth-
ods will further increase efficiency. The use of
computational techniques to identify scaffolds
with geometric and electrostatic properties that
are complementary to a target could reduce the
upfront empirical screening required to isolate
lead variants. Alternatively, in silicomethods could
also help identify critical binding interactions that

can rationally guide mutagenesis and random-
ization.High-throughputmeasurementmethods
forKd and association rateswould then be needed
to create libraries of binding partners for a variety
of therapeutics.
To effectively treat complex diseases, combina-

torial drug strategies will probably be required.
Ideally, a single delivery system could be designed
to releasemultiple therapeutics, eachwith its own
independent release profile. This is the next
frontier for affinity-controlled release systems
and requires affinity interactions that are specific
and nonpromiscuous. For affinity-controlled re-
lease applications of multiple therapeutics, it will
therefore be important to perform competitive
selections to determine specificity and ensure
independent control of the release rate.
On-demand drug release, using stimulus sen-

sitivity, presents another opportunity for affinity-
controlled release. Although systems such as
structure-switching aptamers or computationally
designed pH-dependent binding proteins have
shown promise, this area is open to innovation.
Affinity-controlled release has great potential

to be expanded in scope and provide fully cus-
tomized delivery solutions.We envision amodel-
ing program that would suggest a binding ligand
from an existing library based on the desired re-
lease profile and protein therapeutic. This ligand
would then be tested for affinity-controlled re-
lease of the protein therapeutic after covalent at-
tachment to a well-defined polymeric vehicle.
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INTRODUCTION: For several decades, tele-
scopic observations have shown that Pluto has
a complex and intriguing atmosphere. But too

little has been known to
allow a complete under-
standing of its global struc-
ture and evolution.Major
goals of theNewHorizons
mission included the char-
acterization of the struc-

ture and composition of Pluto’s atmosphere,
as well as its escape rate, and to determine
whether Charon has ameasurable atmosphere.

RATIONALE: TheNewHorizons spacecraft in-
cluded several instruments that observed Pluto’s
atmosphere, primarily (i) theRadio
Experiment (REX) instrument,
whichproducednear-surface pres-
sure and temperature profiles;
(ii) the Alice ultraviolet spectro-
graph,which gave information on
atmospheric composition; and (iii)
the Long Range Reconnaissance
Imager (LORRI) andMultispectral
Visible Imaging Camera (MVIC),
which provided images of Pluto’s
hazes. Together, these instruments
have provided data that allow
an understanding of the current
state of Pluto’s atmosphere and
its evolution.

RESULTS:TheREX radio occul-
tation determined Pluto’s sur-
face pressure and found a strong
temperature inversion, both of
which are generally consistent
with atmospheric profiles retrieved
from Earth-based stellar occul-
tation measurements. The REX
data showed near-symmetry be-
tween the structure at ingress

and egress, as expected fromsublimationdriven
dynamics, so horizontal winds are expected
to be weak. The shallow near-surface boundary
layer observed at ingress may arise directly
from sublimation.
The Alice solar occultation showed absorption

bymethane and nitrogen and revealed the pres-
ence of the photochemical products acetylene
and ethylene. The observed nitrogen opacity at
high altitudes was lower than expected, which
is consistent with a cold upper atmosphere.
Such low temperatures imply an additional,
but as yet unidentified, cooling agent.
A globally extensive haze extending to high al-

titudes, and with numerous embedded thin lay-
ers, is seen in theNewHorizons images. Thehaze

has a bluish color, suggesting a composition of
very small particles. The observed scattering prop-
erties of the haze are consistentwith a tholin-like
composition. Buoyancywaves generatedbywinds
flowing over orography can produce vertically
propagating compression and rarefactionwaves
that may be related to the narrow haze layers.
Pluto’s cold upper atmosphere means atmo-

spheric escape must occur via slow thermal
Jeans’ escape. The inferred escape rate of nitro-
gen is ~10,000 times slower than predicted,
whereas that of methane is about the same
as predicted. The low nitrogen loss rate is con-
sistent with an undetected Charon atmosphere
but possibly inconsistent with sublimation/
erosional features seen on Pluto’s surface, so
that past escape rates may have been much
larger at times. Capture of escaping methane
and photochemical products by Charon, and
subsequent surface chemical reactions,may con-
tribute to the reddish color of its north pole.

CONCLUSION: New Horizons observations
have revolutionized our understanding of Pluto’s
atmosphere. The observations revealed major
surprises, such as the unexpectedly cold upper
atmosphere and the globally extensive haze
layers. The coldupper atmosphere impliesmuch
lower escape rates of volatiles from Pluto than
predicted and so has important implications
for the volatile recycling and the long-term evo-
lution of Pluto’s atmosphere.▪

RESEARCH

1280 18 MARCH 2016 • VOL 351 ISSUE 6279 sciencemag.org SCIENCE

The list of author affiliations is available in the full article online.
*Corresponding author. E-mail: rgladstone@swri.edu
†Deceased.
Cite this article as G. R. Gladstone et al., Science 351,
aad8866 (2016). DOI: 10.1126/science.aad8866

MVIC image of haze layers above Pluto’s limb. About 20 haze layers are seen from a phase angle of 147°.
The layers typically extend horizontally over hundreds of kilometers but are not exactly horizontal. For ex-
ample, white arrows on the left indicate a layer ~5 km above the surface, which has descended to the surface
at the right.
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Observations made during the New Horizons flyby provide a detailed snapshot of the
current state of Pluto’s atmosphere. Whereas the lower atmosphere (at altitudes of less
than 200 kilometers) is consistent with ground-based stellar occultations, the upper
atmosphere is much colder and more compact than indicated by pre-encounter models.
Molecular nitrogen (N2) dominates the atmosphere (at altitudes of less than 1800 kilometers
or so), whereas methane (CH4), acetylene (C2H2), ethylene (C2H4), and ethane (C2H6)
are abundant minor species and likely feed the production of an extensive haze that
encompasses Pluto. The cold upper atmosphere shuts off the anticipated enhanced-Jeans,
hydrodynamic-like escape of Pluto’s atmosphere to space. It is unclear whether the current
state of Pluto’s atmosphere is representative of its average state—over seasonal or geologic
time scales.

M
ajor goals of the New Horizons mission
were to explore and characterize the
structure and composition of Pluto’s
atmosphere and to determine whether
Charon has a measurable atmosphere

of its own (1). Several instruments contribute
to these goals, primarily (i) the Radio Experiment
(REX) instrument (2), through uplink X-band
radio occultations; (ii) the Alice instrument (3),
through extreme- and far-ultraviolet solar occul-
tations; and (iii) the Long Range Reconnaissance
Imager (LORRI) andMultispectral Visible Imaging
Camera (MVIC) (4, 5), through high-phase-angle
imaging. The associated data sets were obtained
within a few hours of the closest approach of

New Horizons to Pluto at 11:48 UT on 14 July
2015. Pressure and temperature profiles of the
lower atmosphere are derived from the REX data,
the composition and structure of the extended
atmosphere are derived from the Alice data (sup-
ported by approach observations of reflected
ultraviolet sunlight), and the distribution and

properties of Pluto’s hazes are derived from
LORRI and MVIC images. This Research Article
provides anoverviewof atmosphere science results.
A suggested atmosphere around Pluto (6–11)

was confirmed by means of ground-based stellar
occultation in 1988 (12, 13) and subsequently
studiedwith later occultations (14–16) and spectra
at near-infrared and microwave wavelengths
(17, 18) and with models of increasing sophisti-
cation. These results revealed a primarily N2 at-
mosphere with trace amounts of CH4, CO, and
HCN with complex surface interaction, an un-
certain surface pressure of ~3 to 60 mbar, and a
warm stratosphere at ~100 K above a much
colder surface (38 to 55 K). On the eve of the
New Horizons flyby, critical questions remained
about the atmospheric temperature and pressure
profiles, dynamics, the presence and nature of pos-
sible clouds or hazes, the escape of Pluto’s atmo-
sphere, and possible interactions with its large
moon, Charon. The New Horizons flyby (19) en-
abled us to address these questions using radio
occultations, ultraviolet occultations, and imag-
ing at several phase angles between 15° and 165°.

Pressure and temperature

The New Horizons trajectory was designed to
permit nearly simultaneous radio and solar occul-
tations (20). The radiooccultationwas implemented
in an uplink configuration by using 4.2-cm-
wavelength signals transmitted by antennas of
the NASA Deep Space Network and received by
the REX instrument onboard New Horizons (2).
The spacecraft passed almost diametrically be-
hind Pluto as viewed from Earth, with ingress at
sunset near the center of the anti-Charon hemi-
sphere and egress at sunrise near the center of
the Charon-facing hemisphere. Other character-
istics of the REX observation are listed in table S1.
The location of Pluto’s surface is indicated by

a characteristic diffraction pattern in the REX
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Fig. 1. Pressure and temperature in Pluto’s lower atmosphere. (Left) Pressure. (Right) Temperature.
These profiles were retrieved from radio occultation data recorded by the REX instrument onboard New
Horizons. Diffraction effects were removed from the data (53), which greatly improves the accuracy of the
results, and the conventional “Abel-transform” retrieval algorithm (2, 54, 55) was applied to the diffraction-
corrected phase measurements. Each graph shows results at both entry (red line with circles) and exit
(blue line with triangles), situated on opposite sides of Pluto.The profiles aremost accurate at the surface,
where the uncertainties in pressure and temperature are ~1 mbar and 3 K, respectively. Temperature
fluctuations at altitudes of >20 kmare caused by noise; no gravity waveswere detected at the sensitivity of
these measurements.The dashed line indicates the saturation temperature of N2 (29).



amplitude measurements (2). According to sca-
lar diffraction theory (21), the limb of Pluto is
aligned with the location where the amplitude is
reduced by 50% from its “free space” value, as
determined from data recorded well before or
well after the occultation by Pluto. (The change
in amplitude from refractive bending in Pluto’s
atmosphere is negligible, in contrast to what oc-
curs in stellar occultations observed from Earth.)
At both entry and exit, the amplitude drops from
80 to 20% of its free-space value in a radial span
of ~1.5 km.We used the solutions for the location
of the surface at entry and exit to anchor the REX
atmospheric profiles (Fig. 1), yielding an altitude
scale with a relative uncertainty of ±~0.4 km.
The absolute radii at entry and exit are much

less certain, owing to limitations on the accuracy
of the reconstructed spacecraft trajectory. Be-
cause the occultation was nearly diametric, the
main concern is with any systematic bias in the
position of the spacecraft along its flight path.
This sort of error causes an underestimate in the
radius on one side of Pluto and an overestimate
on the other side. However, themagnitude of the
errors is nearly the same so that the mean radius
is largely unaffected; its value is RP = 1189.9 ±
0.4 km. This result is consistent with the global
radius derived from images, 1187 ± 4 km (19).
The difference, if real, could be a consequence of
local topography or global flattening.
The atmospheric structure at altitudes of 0 to

50 kmwas retrieved from REXmeasurements of
the Doppler-shifted frequency (or, equivalently,
the phase) of the uplink radio signal (Fig. 1). We
found that there is a strong temperature inver-
sion at both ingress and egress for altitudes be-
low ~20 km, which is qualitatively consistent
with profiles retrieved from Earth-based stellar
occultation measurements (16, 22, 23). However,
there are two notable differences between the
REX profiles at entry and exit, which indicate the
presence of horizontal variations in temperature
that had not been identified previously. First, the
temperature inversion at entry is much stronger
than its counterpart at exit; the derived mean ver-
tical gradient in the lowest 10 km of the inversion
is 6.4 ± 0.9Kkm−1 at entry but only 3.4 ± 0.9Kkm−1

at exit. Second, the temperature inversion at en-
try ends abruptly at an altitude of ~4 km, mark-
ing the top of a distinctive boundary layer. In
contrast, the temperature inversion at exit appears
to extend all the way to the surface, and we find
no evidence for a boundary layer at that location.
Because the radiative time constant of Pluto’s
atmosphere is 10 to 15 Earth years (24), equiv-
alent to ~700 Pluto days, these differences in
temperature structure cannot be attributed to
nighttime radiative cooling or daytime solar heat-
ing within the atmosphere. A boundary layer had
been discussed on energetic grounds or as a way
to connect stellar occultation profiles to condi-
tions at an unknown surface radius (23, 25–28).
REX results indicate that the boundary layer is
not uniform across Pluto.
We estimated the surface pressure through

downward extrapolation of the REX pressure pro-
files (Fig. 1), obtaining values of 11 ± 1 mbar at

entry and 10 ± 1 mbar at exit. Analysis of stellar
occultation data from 2012 and 2013 has yielded
essentially the same result, a pressure of 11 mbar
at 1190 km radius (16). Hence, themass of Pluto’s
atmosphere has not changed dramatically in re-
cent years.
Downward extrapolation of the REX exit pro-

file yields a temperature adjacent to the surface
of 45 ± 3 K. For comparison, a surface covered in
N2 ice would have a temperature of 37.0 K to
remain in vapor pressure equilibrium with the
measured value of surface pressure (29). This
may be indicative of a surface material less vol-
atile thanN2 ice. Occultation exit was closer than
entry to the subsolar latitude—52°N at the time
of the observation—which would contribute to a
warmer surface temperature in the absence of N2

ice. [Where N2 ice is present, any increase in in-
solation is balanced largely by latent heating, with
only a small change in the ice temperature (30).]
At occultation entry, the mean temperature in

the lowest 4 km above the surface is 37 ± 3 K,
which is close to the saturation temperature of
N2 (29). This layer of cold air could arise directly

from sublimation, and the close proximity of oc-
cultation entry to the region known informally
as Sputnik Planum (SP)—with its large reservoirs
of N2, CO, and CH4 ices (19, 31)—supports this in-
terpretation. Moreover, Earth-based observations
of Pluto imply that there is a strong zonal asym-
metry in the distribution of N2 ice (32); the abun-
dance is largest near the REX entry longitude and
smallest near the REX exit longitude. This raises
the possibility that a scarcity of nearby sublima-
tion sources could prevent the formation of a cold
boundary layer at REX exit.
The cold boundary layer in the entry profile is

steadily warmed by downward heat conduction
in the overlying temperature inversion (33). We
used a formula for the thermal conductivity of N2

vapor (34) along with the measured temperature
gradient to estimate the heating rate. The results
indicate that it takes ~2 Earth years for this pro-
cess to establish an inversion that extends to the
ground. Without resupply of cold N2, the bound-
ary layer will vanish on this time scale. Hence,
our interpretation implies that SP is an active
sublimation source.
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Fig. 2. Ultraviolet transmission of Pluto’s atmosphere. (A) Line-of-sight (LOS) transmission as a
function of ultraviolet wavelength and tangent altitude for theM2model Pluto atmosphere (37),with the t =1
line indicated along with the regions where N2, CH4, C2H2, C2H4, and C2H6 contribute to the opacity. N2

absorbs in discrete bands for wavelengths 80 to 100 nm, with bands and an underlying continuum at
wavelengths 65 to 80 nm and an ionization continuum at wavelengths of <65 nm. CH4 dominates the
opacity at wavelengths of <140 nm.C2H6 has a similar cross section to CH4 but absorbs to 145 nm,where it
contributes to the opacity. C2H2 has strong absorption bands at 144, 148, and 152 nm. C2H4 dominates the
opacity at 155 to 175 nm. The model also contains C4H2, which accounts for much of the opacity at
wavelengths 155 to 165 nm. (B) LOS transmission of Pluto’s atmosphere determined from the Alice solar
occultation data.The Alice data are normalized (at each ultraviolet wavelength) to unabsorbed levels at high
altitude. In comparison with the model transmission, N2 opacity begins at much lower altitudes (~500 km
lower), whereas CH4 opacity begins ~100 km higher than in the model. Pluto’s atmosphere has somewhat
less C2H2 and C2H4 than the model. Continuum absorption by Pluto’s haze (not included in the model) is
important at wavelengths >175 nm. (C) LOS column density profiles retrieved from the observed trans-
mission data of (B) using known absorption cross sections for the indicated species.The quality of the data
canbe judgedby the overlap of ingress and egress profiles (because the atmosphere is expected to benearly
spherically symmetric away from the surface) and by the amount of scatter in the data points.The dashed
lines are LOS column densities computed by using the N2 and CH4 number density profiles in Fig. 3.
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Last, the vertical resolution of the entry pro-
file in Fig. 1 is not sufficient to determine the
temperature lapse rate in the boundary layer.
The results to date cannot distinguish an iso-
thermal layer from one with a wet or dry adia-
batic gradient.

Composition and chemistry

Models indicate that photochemistry in Pluto’s
upper atmosphere is similar to that of Titan and
Triton (35–38). Methane (CH4) is processed by
far-ultraviolet sunlight into heavier hydrocarbons,
and at Pluto’s distance from the Sun, interplan-
etary hydrogen scattering of solar Lyman a pho-
tons provides a comparable secondary source of
CH4 photolysis, which is also effective at night
and in winter (39). Extreme-ultraviolet sunlight
photolyzes molecular nitrogen (N2), leading to
nitrile production in conjunction with CH4 (37),
and also ionizes N2 to initiate the formation of
large ions, which may lead to the production of
high-altitude haze nuclei (40). Establishing Pluto’s
atmospheric composition as a function of altitude
is important for understanding its atmospheric
chemistry, and the solar occultations by the New
Horizons Alice ultraviolet spectrograph (3) pro-
vide an excellent data set for this purpose. The
circumstances of the solar occultations by Pluto
and Charon are presented in tables S2 and S3,
respectively. The transmission of Pluto’s atmo-
sphere is directly derived from the Alice ingress

and egress data (Fig. 2; the full solar occultation
light curve is presented in fig. S1). The transmis-
sion profile clearly indicates the altitude at which
the tangent line-of-sight opacity reaches unity for
a given wavelength and also provides a useful
scale height at that level.
The Pluto solar occultation results are sur-

prising in that the expected upper atmospheric
opacity of N2 at wavelengths ~65 to 100 nm is
largely absent, and the opacity is mostly due to
CH4. At wavelengths longward of 100 nm, CH4,
C2H2, C2H4, C2H6, and haze account for a major-
ity of the observed opacity. A model consistent
with the observed transmission requires a much
colder upper atmosphere than in pre-encounter
models (Fig. 3). The absorption of sunlight in the
57- to 64-nm-wavelength range by N2 at high al-
titudes (~850 to 1400 km) constrains the temper-
ature of the upper atmosphere to be ~70 K. Such
low temperatures arepotentially achievable through
cooling by C2H2 n5 band emission and HCN
rotational line emission (if HCN is supersatu-
rated, not in vapor pressure equilibrium at these
cold temperatures). However, recent Earth-based
observations byusing theAtacamaLargeMillimeter/
submillimeter Array (ALMA) suggest that the
HCN abundances in Pluto’s upper atmosphere
are many times less than would be required
(16, 18). Currently, the details of exactly how Plu-
to’s upper atmosphere is being cooled are poorly
understood. Also, the ALMA data provide a de-

finitive observation of CO on Pluto, which has not
been detected in the Alice solar occultation data.

Hazes

Extensive, optically thin hazes are seen in New
Horizons images of Pluto (Fig. 4), extending to
altitudes of >200 km, with typical brightness
scale heights of ~50 km.Distinct layers are present,
which vary with altitude but are contiguous over
distances of >1000 km. Separated by ~10 km, the
layersmerge, separate (divide into thinner layers),
or appear and disappear when traced around the
limb. Using radial brightness profiles at various
points around the limb, prominent haze layers are
found in LORRI images at altitudes of ~10, 30, 90,
and 190 km, but in the highest-resolution MVIC
images (<1 km/pixel), about 20 haze layers are
resolved. Thehaze scale height decreases to~30km
at altitudes of 100 to 200 km, which is consistent
with the decreasing atmospheric scale height
(Fig. 3). Although most obvious at high phase
angles (Q ~ 165° to 169°) with I/F values (ob-
served intensity times p and divided by the inci-
dent solar flux) of ~0.2 to 0.3 at red wavelengths
(inMVIC red, 540 to 700 nm, and LORRI images,
350 to 850 nm) and I/F values up to 0.7 to 0.8 at
blue wavelengths (in MVIC blue images, 400 to
550 nm), the hazes are also seen at moderate
scattering angles (for example, at I/F ~ 0.02 at
Q ~ 38°, in MVIC red and blue images) and are
just barely detectable at low phase angles (for
example, at I/F ~ 0.003 at Q ~ 20°, in LORRI
images) but are undetected at the lowest phase
angles (Q ~ 15°) on approach. Although the
blue haze color is consistent with very small
(radii r ~ 10 nm) particles (Rayleigh scatterers),
their large high- to low-phase brightness ratio
suggests much larger particles (with r > 0.1 mm); it
is possible that they are aggregate particles (ran-
domly shaped particles of a fraction of a micro-
meter in radius, composed of ~10-nm spheres),
which could satisfy both of these constraints.
The MVIC blue/red ratio increases with alti-
tude, which is consistent with smaller particles
at higher altitudes. As seen in Fig. 4, the haze is
brightest just above the limb, and from this
and other images, the haze is brightest around
the limb near the direction of Pluto north.
Haze optical properties can be roughly esti-

mated as a function of particle size by using Mie
theory—for example, with optical constants of n =
1.69 and k = 0.018 (where n and k are the real and
imaginary parts of the complex refractive index,
respectively), which are appropriate for tholin-like
particles (41) at the LORRI pivot wavelength of
607.6 nm (although over the LORRI bandpass, n
varies between 1.63 and 1.72, whereas k varies
between 0.11 and 0.0024). For optically thin con-
ditions, I/F ~ P(Q) tLOS/4, where P is the scat-
tering phase function at phase angle Q and tLOS
is the line-of-sight opacity. On the basis of their
large forward/backward scattering ratio, which
is met by Mie-scattering particles with radii no
smaller than ~0.2 mm, P(165°) ~ 5, leading to
tLOS ~ 0.16, or a vertical haze scattering optical
depth of ~0.013. For particles of r ~ 0.2 mm, the
scattering cross section of a single particle is
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Fig. 3. Pluto’s atmospheric composition and structure.Model profiles of temperatures, densities, and
other relevant quantities (such as gravity g,meanmass hmi, andN2 density scale heightH—plotted asH/2
in order to facilitate a common x axis range) in the atmosphere of Pluto are shown, which are consistent
with the transmission results of Fig. 2. Methane, acetylene, and ethylene densities retrieved from the solar
occultation data are indicated (diamonds). Pre-encounter model values (37) are given by dashed lines.
Pluto’s upper atmosphere is very cold (T ~ 70 K), resulting in a very low escape rate.
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pr2QS or ~3.4 × 10−9 cm2 (with QS ~ 2.7 from Mie
theory). Using t ~ pr2QSnHAZEHHAZE, whereHHAZE

is the low-altitude haze scale height of 50 km, the
haze density near Pluto’s surface is nHAZE ~ 0.8
particles/cm3, or a columnmass of 8 × 10−8 g cm–2

(assuming a particle density of 0.65 g cm–3) (42).
If the haze particles are photochemically pro-

duced in a manner similar to Titan’s hazes (40),
an upper limit to their mass production rate is
given by the photolysis loss rate of methane;
from photochemical models (37, 38), we estimate
this at ~1 × 10−14 g cm−2 s−1. In steady state, this is
also the loss rate, so (dividing the column mass
by the production rate) the haze residence time
is calculated to be tHAZE ~ 90 Earth days. By com-
parison, the time expected for 10-nm particles
to settle through the lowest 10 km of the at-
mosphere is ~400 Earth days (fig. S2), whereas
0.2-mm particles would be expected to traverse
this region much faster, in ~10 Earth days.

Dynamics

Pluto’s atmospheric pressure and composition is
buffered by sublimation equilibrium with sur-
face ices (principally N2, with minor amounts of
CH4 and CO ices). Solar-induced sublimation of
these ices drives transport to colder surface re-
gions. Subsequent condensation constrains pres-
sure variations in the atmosphere above the first
½-scale height to Dp/p < 0.002 for a surface pres-
sure ~10 mbar (43, 44) and for ice DT/T < 0.002
(44). For pressures <5 mbar, the radio occultation
data exhibits global symmetry, as expected from
sublimation-driven dynamics. Previously, ground-
based stellar occultations also yielded symmetry
within the error bars about the occultation mid-
point (for example, as shown for the 2006 Siding
Spring light curve) (45). With very little pressure
variation in the current atmosphere on a global
scale, horizontal winds are expected to be weak
(no more than ~10 m s−1). Radiative time con-
stants (aRAD) for Pluto’s atmosphere above its
planetary boundary layer are on the order of 10
to 15 Earth years (24), or aRAD ~ 2.5 × 10−9 Hz.
Diurnally driven dynamics with frequency of
W = 2p/6.39 days−1 = 1.14 × 10−5 Hzwill be damped
in amplitude by a factor ~aRAD

2/(aRAD
2 + W2)

~ 5.6 × 10−8. Although the surface likely has a
short thermal response time constant, surface
radiative exchange with the atmosphere is very
weak, and the very steep positive temperature
gradient in the near-surface layer as seen both
in REX occultation data (Fig. 1) and ground-
based stellar occultation data (15) should sup-
press convection and inhibit the formation of a
deep global troposphere.
Gravitywaves have previously been investigated

as a source for scintillations seen in Earth-based
stellar occultation data (46, 47). Pluto’s atmo-
spheric dynamics can generate internal gravity
(buoyancy) waves driven by sublimation forcing
(48) and orographic forcing (wind blowing over
topography). Mountains and mountain ranges
with heights of 2 to 3 kmhave been detected with
New Horizons imagery (19, 49), and the distinct
haze layers in Pluto’s atmosphere are possibly
a result of orographic forcing. For example, a
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Fig. 5. Haze layer production. Haze particles undergo vertical displacements z by vertical gravity wave
parcel velocityw′,which at saturation equalswg, the vertical group velocity. Becausew′ ismuch larger than
the sedimentation velocity, compression and rarefaction of haze particle densities are associated with
gravity wave displacements. The quantity h = (½lZ + 2z)/(½lZ – 2z) is a measure of compaction and
layering.

Fig. 4. Pluto hazes. LORRI two-image stack at 0.95 kmpixel−1 resolution, showingmany haze layers up to
an altitude of ~200 km, as well as night-side surface illumination. Acquired on 14 July 2015 starting at
15:45:43 UTC (observation 5 of P_MULTI_DEP_LONG_1 at MET 299194661-299194671; 0.3 s total ex-
posure time), at a range from Pluto of 196,586 km and a phase angle of 169°. The raw images have been
background-subtracted and sharpened and have a square root stretch. (Inset) The orientation of the
image, with Pluto’s south pole (SP) indicated, along with the direction to the Sun (11° from Pluto), and the
latitude and longitude of the sub–anti-Sun (AS) position.
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u0 = 1 m s−1 wind blowing over topography with
height amplitude of h0 = 1.5 km, horizontal wave-
length lx ~ 120 km (zonal wavenumber kx = 2p/lx
~60/RP),meridionalwavelength ly~ 3600km, and
period t = 2p/kxu0 ~ 1.4 Earth days yields a ver-
tical forcing velocity w0 ~ u0h0kx ~ 0.08 m s−1. Be-
cause of the small adiabatic lapse rate (~0.62Kkm−1

at the surface and decreasing with altitude), the
gravity wave reaches saturation amplitudes by an
altitude of 10 km. Saturation occurs when the
buoyancy-restoring force vanishes—when the sum
of the wave andmean temperature gradients ren-
der the atmosphere adiabatic, and the vertical
parcel velocityw′ is equal towg, the vertical group
velocity (50). At 10 km altitude, with any surface
vertical forcing velocity w0 > 0.008 m s−1, the so-
lution to the gravitywave equation yields saturated
amplitudes for the wave temperature of T ′ ~ 0.7 K
and for the vertical parcel velocity ofw′~0.01m s−1

(withw′ =wg). These perturbation temperatures
are consistent with the temperature profile, at the
current level of analysis. The prime influence of
horizontal winds, u, is on the vertical wavelength
lz ~ 2pu/N, where N is the buoyancy frequency
(~0.01Hz at the surface anddecreasing to ~0.001Hz
above 50 km), and the layering of thehaze provides
important constraints on this quantity. Shown in
Fig. 5 is theverticaldisplacement,z =D−1w′=w′/ikxu,
of haze particles by gravitywaves,withLagrangian
derivative D and i ¼ ffiffiffiffiffi

−1
p

. Because w′ is much
larger than the sedimentation velocity (fig. S2), there
is compression and rarefaction of haze particles
associated with gravity wave displacements. If ½lz
~5kmand z ~ 1.5 km, compression leads to ~2km
separation and rarefaction to ~8 km separation
between wave amplitude negative and positive
peaks and could thus account for haze layering.
Forcing by zonal winds would vanish at the poles,
and variations of orography would affect the pre-
dictions as well, but gravity waves provide a viable
mechanism for producing haze layers on Pluto.

Escape

Before the NewHorizons flyby, the escape rate to
space of N2 from Pluto was expected (33) to be
0.7 × 1027 to 4 × 1027 molecules s−1, with a pre-
ferred value of 2.8 × 1027 molecules s−1 based on
estimates of Pluto’s surface pressure and radius,
as well as CH4 and CO mixing ratios (17). This es-
cape rate is fundamentally limited by solar ex-
treme ultraviolet and far-ultraviolet net heating
rates and by the effective area of Pluto’s extended
atmosphere. However, these pre-encounter calcu-
lations neglected cooling by photochemically pro-
duced HCN (16) and C2H2, which might reduce
the net heating and hence the escape rate. On the
basis of fits to the solar occultation transmission
(Fig. 2), our calculated current escape rates of ni-
trogen and methane from Pluto’s upper atmo-
sphere are 1 × 1023 and 5 × 1025 molecules s−1,
respectively (with the exobase located at r ~ 2750
to 2850 km, where the N2 and CH4 densities are
4 × 106 to 7 × 106 cm−3 and 3 × 106 to 5 × 106 cm−3,
respectively). These are the Jeans escape rates—
Pluto’s atmosphere is not currently undergoing
hydrodynamic escape—and they are low enough
to strongly reduce the altitude of any interac-

tion region between Pluto’s upper atmosphere/
ionosphere and the solar wind (51). If these rates
are stable over a single Pluto orbit, the equivalent
thickness of nitrogen andmethane surface ice lost
to spacewould be ~3 nm and 1.5 mm, respectively.
If these rates were stable over the age of the solar
system, the equivalent thickness of nitrogen and
methane surface ice lost to spacewould be ~6 cm
and 28 m, respectively. The relatively small
amount of nitrogen loss is consistent with an
undetected Charon atmosphere (of less than a
pre-encounter prediction of ~8 pbar) (52) but
appears to be inconsistent with the primarily
erosional features seen on Pluto’s surface (49), so
that past N2 escape rates may have occasionally
been much larger. The loss of methane is much
closer to predicted values (37), and a suggested
origin for Charon’s north polar red color (in-
volving “varnishing” of the winter poles over
millions of years through cold-trapping and
polymerization of escaping hydrocarbons from
Pluto) remains viable (19, 31).

Conclusions

Observations made from New Horizons have al-
ready greatly altered our understanding of how
Pluto’s atmosphere works, even with many data
remaining to be reduced and analyzed. LORRI,
MVIC, and Linear Etalon Imaging Spectral Array
(LEISA) imaging clearly reveal optically thin hazes
extending to altitudes of at least 200 km. Photo-
chemical models have long predicted the forma-
tion of higher hydrocarbons, and species such as
acetylene (C2H2) and ethylene (C2H4) are clearly
detected in the Alice solar occultation data (ultra-
violet reflectance spectra also show the absorp-
tion signatures of C2H2 and C2H4). Last, the escape
rate of Pluto’s atmosphere is found to bemuch less
than expected, although over time itmay have left
its signature on Charon (19, 31).
Although most of the results obtained to date

agree with each other, there are several problem
areas: Is cooling by HCN self-limited because of
condensation? Are the haze layers consistent with
transport bywinds?Does the escape ofmuchmore
methane than nitrogen agree with geologic evi-
dence? The data obtained by the NewHorizons
mission are likely to provide the answers and al-
low the development of a fully self-consistent de-
scription of Pluto’s atmosphere.

REFERENCES AND NOTES

1. L. A. Young et al., New Horizons: Anticipated scientific
investigations at the Pluto system. Space Sci. Rev. 140, 93–127
(2008). doi: 10.1007/s11214-008-9462-9

2. G. L. Tyler et al., The New Horizons radio science experiment
(REX). Space Sci. Rev. 140, 217–259 (2008). doi: 10.1007/
s11214-007-9302-3

3. S. A. Stern et al., Alice: The ultraviolet imaging spectrograph
aboard the New Horizons Pluto-Kuiper Belt mission.
Space Sci. Rev. 140, 155–187 (2008). doi: 10.1007/
s11214-008-9407-3

4. A. F. Cheng et al., Long-Range Reconnaissance Imager on New
Horizons. Space Sci. Rev. 140, 189–215 (2008). doi: 10.1007/
s11214-007-9271-6

5. D. C. Reuter et al., Ralph: A Visible/Infrared Imager for the New
Horizons Pluto/Kuiper Belt Mission. Space Sci. Rev. 140,
129–154 (2008). doi: 10.1007/s11214-008-9375-7

6. M. H. Hart, A possible atmosphere for Pluto. Icarus 21,
242–247 (1974). doi: 10.1016/0019-1035(74)90039-6

7. G. S. Golitsyn, A possible atmosphere on Pluto. Sov. Astron.
Lett. 1, 19 (1975).

8. D. P. Cruikshank, P. M. Silvaggio, The surface and atmosphere
of Pluto. Icarus 41, 96–102 (1980). doi: 10.1016/
0019-1035(80)90162-1

9. U. Fink et al., Detection of a CH4 atmosphere on Pluto. Icarus
44, 62–71 (1980). doi: 10.1016/0019-1035(80)90055-X

10. L. Trafton, S. A. Stern, On the global distribution of
Pluto’s atmosphere. Astrophys. J. 267, 872 (1983).
doi: 10.1086/160921

11. N. Brosch, The 1985 stellar occultation by Pluto.
Mon. Not. R. Astron. Soc. 276, 571–578 (1995). doi: 10.1093/
mnras/276.2.571

12. W. B. Hubbard, D. M. Hunten, S. W. Dieters, K. M. Hill,
R. D. Watson, Occultation evidence for an atmosphere on
Pluto. Nature 336, 452–454 (1988). doi: 10.1038/336452a0

13. J. L. Elliot et al., Pluto’s atmosphere. Icarus 77, 148–170
(1989). doi: 10.1016/0019-1035(89)90014-6

14. A. S. Bosh et al., The state of Pluto’s atmosphere in
2012-2013. Icarus 246, 237–246 (2015). doi: 10.1016/
j.icarus.2014.03.048

15. C. B. Olkin et al., Pluto’s atmospheric structure from the
July 2007 stellar occultation. Icarus 239, 15–22 (2014).
doi: 10.1016/j.icarus.2014.05.018

16. A. Dias-Oliveira et al., Pluto’s atmosphere from stellar
occultations in 2012 and 2013. Astrophys. J. 811, 53 (2015).
doi: 10.1088/0004-637X/811/1/53

17. E. Lellouch et al., Exploring the spatial, temporal, and vertical
distribution of methane in Pluto's atmosphere. Icarus 246,
268–278 (2015). doi: 10.1016/j.icarus.2014.03.027

18. E. Lellouch et al., (134340) Pluto. IAU Circular 9273, 1
(2015).

19. S. A. Stern et al,. The Pluto system: Initial results from
its exploration by New Horizons, Science 350, aad1815
(2015).

20. Y. Guo, R. W. Farquhar, New Horizons mission design. Space
Sci. Rev. 140, 49–74 (2007). doi: 10.1007/s11214-007-9242-y

21. M. Born, E. Wolf, Principles of Optics (Cambridge Univ. Press,
ed. 7, 1999).

22. B. Sicardy et al., Large changes in Pluto’s atmosphere as
revealed by recent stellar occultations. Nature 424, 168–170
(2003). pmid: 12853950

23. J. L. Elliot et al., Changes in Pluto’s atmosphere: 1988–2006.
Astron. J. 134, 1–13 (2007). doi: 10.1086/517998

24. D. F. Strobel, X. Zhu, M. E. Summers, M. H. Stevens, On the
vertical thermal structure of Pluto's atmosphere. Icarus 120,
266–289 (1996). doi: 10.1006/icar.1996.0050

25. J. A. Stansberry, J. L. Lunine, W. B. Hubbard, R. V. Yelle,
D. M. Hunten, Icarus 111, 503–513 (1994).

26. L. A. Young, “Bulk properties and atmospheric structure of
Pluto and Charon,” thesis, Massachusetts Institute of
Technology, 1994.

27. E. F. Young et al., Vertical structure in Pluto’s atmosphere from
the 2006 June 12 stellar occultation. Astron. J. 136, 1757–1769
(2008). doi: 10.1088/0004-6256/136/5/1757

28. E. Lellouch et al., Pluto's lower atmosphere structure and
methane abundance from high-resolution spectroscopy and
stellar occultations. Astron. Astrophys. 495, L17–L21 (2009).
doi: 10.1051/0004-6361/200911633

29. G. N. Brown Jr., W. T. Ziegler, Vapor pressure and heats of
vaporization and sublimation of liquids and solids of interest
in cryogenics below 1-atm pressure. Adv. Cryog. Eng. 25, 662
(1980).

30. J. R. Spencer et al., “Volatile transport, seasonal cycles, and
atmospheric dynamics on Pluto,” in Pluto and Charon,
S. A. Stern, D. J. Tholen, Eds. (Univ. of Arizona Press, 1997),
pp. 435–473.

31. W. M. Grundy et al., Surface compositions across Pluto and
Charon. Science 351, aad9189-1 (2016).

32. W. M. Grundy, C. B. Olkin, L. A. Young, M. W. Buie,
E. F. Young, Near-infrared spectral monitoring of Pluto's
ices: Spatial distribution and secular evolution. Icarus 223,
710–721 (2013). doi: 10.1016/j.icarus.2013.01.019

33. X. Zhu, D. F. Strobel, J. T. Erwin, The density and thermal
structure of Pluto's atmosphere and associated escape
processes and rates. Icarus 228, 301–314 (2014). doi: 10.1016/
j.icarus.2013.10.011

34. W. B. Hubbard, R. V. Yelle, J. I. Lunine, Nonisothermal Pluto
atmosphere models. Icarus 84, 1–11 (1990). doi: 10.1016/
0019-1035(90)90154-2

35. M. E. Summers, D. F. Strobel, G. R. Gladstone, “Chemical
models of Pluto’s atmosphere,” in Pluto and Charon,
S. A. Stern, D. J. Tholen, Eds. (Univ. of Arizona Press, 1997),
pp. 391–434.

SCIENCE sciencemag.org 18 MARCH 2016 • VOL 351 ISSUE 6279 aad8866-5

RESEARCH | RESEARCH ARTICLE

http://dx.doi.org/10.1007/s11214-008-9462-9
http://dx.doi.org/10.1007/s11214-007-9302-3
http://dx.doi.org/10.1007/s11214-007-9302-3
http://dx.doi.org/10.1007/s11214-008-9407-3
http://dx.doi.org/10.1007/s11214-008-9407-3
http://dx.doi.org/10.1007/s11214-007-9271-6
http://dx.doi.org/10.1007/s11214-007-9271-6
http://dx.doi.org/10.1007/s11214-008-9375-7
http://dx.doi.org/10.1016/0019-1035(74)90039-6
http://dx.doi.org/10.1016/0019-1035(80)90162-1
http://dx.doi.org/10.1016/0019-1035(80)90162-1
http://dx.doi.org/10.1016/0019-1035(80)90055-X
http://dx.doi.org/10.1086/160921
http://dx.doi.org/10.1093/mnras/276.2.571
http://dx.doi.org/10.1093/mnras/276.2.571
http://dx.doi.org/10.1038/336452a0
http://dx.doi.org/10.1016/0019-1035(89)90014-6
http://dx.doi.org/10.1016/j.icarus.2014.03.048
http://dx.doi.org/10.1016/j.icarus.2014.03.048
http://dx.doi.org/10.1016/j.icarus.2014.05.018
http://dx.doi.org/10.1088/0004-637X/811/1/53
http://dx.doi.org/10.1016/j.icarus.2014.03.027
http://dx.doi.org/10.1007/s11214-007-9242-y
http://www.ncbi.nlm.nih.gov/pubmed/12853950
http://dx.doi.org/10.1086/517998
http://dx.doi.org/10.1006/icar.1996.0050
http://dx.doi.org/10.1088/0004-6256/136/5/1757
http://dx.doi.org/10.1051/0004-6361/200911633
http://dx.doi.org/10.1016/j.icarus.2013.01.019
http://dx.doi.org/10.1016/j.icarus.2013.10.011
http://dx.doi.org/10.1016/j.icarus.2013.10.011
http://dx.doi.org/10.1016/0019-1035(90)90154-2
http://dx.doi.org/10.1016/0019-1035(90)90154-2


36. L. M. Lara, W.-H. Ip, R. Rodrigo, Photochemical models of
Pluto’s atmosphere. Icarus 130, 16–35 (1997). doi: 10.1006/
icar.1997.5798

37. V. A. Krasnopolsky, D. P. Cruikshank, Photochemistry of Pluto’s
atmosphere and ionosphere near perihelion. J. Geophys. Res. 104
(E9), 21,979–21996 (1999). doi: 10.1029/1999JE001038

38. M. L. Wong, Y. L. Yung, G. R. Gladstone, Pluto’s implications for
a snowball Titan. Icarus 246, 192–196 (2015). doi: 10.1016/
j.icarus.2014.05.019

39. G. R. Gladstone, W. R. Pryor, S. A. Stern, Lya@Pluto. Icarus 246,
279 (2015). doi: 10.1016/j.icarus.2014.04.016

40. P. Lavvas et al., Aerosol growth in Titan’s ionosphere. Proc.
Natl. Acad. Sci. U.S.A. 110, 2729–2734 (2013). doi: 10.1073/
pnas.1217059110; pmid: 23382231

41. B. N. Khare et al., Optical constants of organic tholins
produced in a simulated Titanian atmosphere—From soft x-ray
to microwave frequencies. Icarus 60, 127–137 (1984).
doi: 10.1016/0019-1035(84)90142-8

42. S. M. Hörst, M. A. Tolbert, In situ measurements of the size
and density of Titan aerosol analogs. Astrophys. J. 770, L10
(2013). doi: 10.1088/2041-8205/770/1/L10

43. A. P. Ingersoll, M. E. Summers, S. G. Schlipf, Supersonic
meteorology of Io—Sublimation-driven flow of SO2. Icarus 64,
375–390 (1985). doi: 10.1016/0019-1035(85)90062-4

44. L. A. Young, Volatile transport on inhomogeneous surfaces:
I—Analytic expressions, with application to Pluto’s day. Icarus
221, 80–88 (2012). doi: 10.1016/j.icarus.2012.06.032

45. A. M. Zalucha, A. A. S. Gulbis, X. Zhu, D. F. Strobel, J. L. Elliot,
An analysis of Pluto occultation light curves using an

atmospheric radiative-conductive model. Icarus 211, 804–818
(2011). doi: 10.1016/j.icarus.2010.08.018

46. M. J. Person et al., Waves in Pluto’s upper atmosphere.
Astrophys. J. 136, 1510 (2008).

47. W. B. Hubbard et al., Buoyancy waves in Pluto’s high
atmosphere: Implications for stellar occultations. Icarus 204,
284–289 (2009). doi: 10.1016/j.icarus.2009.06.022

48. A. D. Toigo, P. J. Gierasch, B. Sicardy, E. Lellouch, Thermal
tides on Pluto. Icarus 208, 402–411 (2010). doi: 10.1016/
j.icarus.2010.01.027

49. J. M. Moore et al., The geology of Pluto and Charon through the
eyes of New Horizons. Science 351, 1284–1293 (2016).

50. D. C. Fritts, Gravity wave saturation in the middle atmosphere -
A review of theory and observations. Rev. Geophys. Space
Phys. 22, 275 (1984). doi: 10.1029/RG022i003p00275

51. F. Bagenal et al., Pluto’s interaction with its space
environment: Solar wind, energetic particles, and dust. Science
351, aad9045 (2016).

52. O. J. Tucker, R. E. Johnson, L. A. Young, Gas transfer in the
Pluto-Charon system: A Charon atmosphere. Icarus 246,
291–297 (2015). doi: 10.1016/j.icarus.2014.05.002

53. E. A. Marouf, G. L. Tyler, P. A. Rosen, Profiling Saturn’s rings by
radio occultation. Icarus 68, 120–166 (1986). doi: 10.1016/0019-
1035(86)90078-3

54. G. F. Lindal et al., The atmosphere of Titan—An analysis of the
Voyager 1 radio occultation measurements. Icarus 53,
348–363 (1983). doi: 10.1016/0019-1035(83)90155-0

55. D. P. Hinson, R. A. Simpson, J. D. Twicken, G. L. Tyler,
F. M. Flasar, Initial results from radio occultation

measurements with Mars Global Surveyor. J. Geophys. Res.
104 (E11), 26,997–27012 (1999). doi: 10.1029/1999JE001069

ACKNOWLEDGMENTS

We thank the NASA’s New Horizons project for their excellent and
long-term support. We thank our colleagues B. Bézard, J. Erwin,
F. Forget, M. Gurwell, S. Gusewich, C. Hansen, A. Heays, K. L. Jessup,
V. Krasnopolsky, E. Lellouch, B. Lewis, B. Sicardy, G. Stark, K. Stothoff,
A. Toigo, R. Vervack, and R. Yelle for excellent advice, data, and useful
comments. We thank the reviewers for their very useful comments.
S.A.S. is also affiliated with Florida Space Institute, Uwingu, Golden
Spike Co., and World View Enterprises. N.J.C. was a paid consultant to
Southwest Research Institute. As contractually agreed to with NASA,
fully calibrated New Horizons Pluto system data will be released via
the NASA Planetary Data System at https://pds.nasa.gov in a series
of stages in 2016 and 2017 owing to the time required to fully
downlink and calibrate the data set.

SUPPLEMENTARY MATERIALS

www.sciencemag.org/content/351/6279/aad8866/suppl/DC1
Materials and Methods
Figs. S1 and S2
Tables S1 to S3
New Horizons Science Team Author List
References (56–63)

16 November 2015; accepted 17 February 2016
10.1126/science.aad8866

aad8866-6 18 MARCH 2016 • VOL 351 ISSUE 6279 sciencemag.org SCIENCE

RESEARCH | RESEARCH ARTICLE

http://dx.doi.org/10.1006/icar.1997.5798
http://dx.doi.org/10.1006/icar.1997.5798
http://dx.doi.org/10.1029/1999JE001038
http://dx.doi.org/10.1016/j.icarus.2014.05.019
http://dx.doi.org/10.1016/j.icarus.2014.05.019
http://dx.doi.org/10.1016/j.icarus.2014.04.016
http://dx.doi.org/10.1073/pnas.1217059110
http://dx.doi.org/10.1073/pnas.1217059110
http://www.ncbi.nlm.nih.gov/pubmed/23382231
http://dx.doi.org/10.1016/0019-1035(84)90142-8
http://dx.doi.org/10.1088/2041-8205/770/1/L10
http://dx.doi.org/10.1016/0019-1035(85)90062-4
http://dx.doi.org/10.1016/j.icarus.2012.06.032
http://dx.doi.org/10.1016/j.icarus.2010.08.018
http://dx.doi.org/10.1016/j.icarus.2009.06.022
http://dx.doi.org/10.1016/j.icarus.2010.01.027
http://dx.doi.org/10.1016/j.icarus.2010.01.027
http://dx.doi.org/10.1029/RG022i003p00275
http://dx.doi.org/10.1016/j.icarus.2014.05.002
http://dx.doi.org/10.1016/0019-1035(86)90078-3
http://dx.doi.org/10.1016/0019-1035(86)90078-3
http://dx.doi.org/10.1016/0019-1035(83)90155-0
http://dx.doi.org/10.1029/1999JE001069
https://pds.nasa.gov
http://www.sciencemag.org/content/351/6279/aad8866/suppl/DC1


RESEARCH ARTICLE SUMMARY
◥

PLANETARY SCIENCE

The small satellites of Pluto
as observed by New Horizons
H. A. Weaver,* M. W. Buie, B. J. Buratti, W. M. Grundy, T. R. Lauer, C. B. Olkin,
A. H. Parker, S. B. Porter, M. R. Showalter, J. R. Spencer, S. A. Stern, A. J. Verbiscer,
W. B. McKinnon, J. M. Moore, S. J. Robbins, P. Schenk, K. N. Singer, O. S. Barnouin,
A. F. Cheng, C. M. Ernst, C. M. Lisse, D. E. Jennings, A. W. Lunsford, D. C. Reuter,
D. P. Hamilton, D. E. Kaufmann, K. Ennico, L. A. Young, R. A. Beyer, R. P. Binzel,
V. J. Bray, A. L. Chaikin, J. C. Cook, D. P. Cruikshank, C. M. Dalle Ore, A. M. Earle,
G. R. Gladstone, C. J. A. Howett, I. R. Linscott, F. Nimmo, J. Wm. Parker, S. Philippe,
S. Protopapa, H. J. Reitsema, B. Schmitt, T. Stryk, M. E. Summers, C. C. C. Tsang,
H. H. B. Throop, O. L. White, A. M. Zangari

INTRODUCTION: The Pluto system is surpris-
ingly complex, comprising six objects that orbit
their common center of mass in approximately
a single plane and in nearly circular orbits.
When the New Horizons mission was selected
for flight byNASA in 2001, only the two largest
objects were known: the binary dwarf planets
Pluto and Charon. Two much smaller moons,
Nix and Hydra, were discovered in May 2005,
just 8 months before the launch of the New
Horizons spacecraft, and twoeven smallermoons,
Kerberos and Styx, were discovered in 2011
and 2012, respectively. The entire Pluto system
was likely produced in the aftermath of a giant
impact between two Pluto-sized bodies approx-
imately 4 to 4.5 billion years ago, with the small

moons formingwithin the resulting debris disk.
But many details remain unconfirmed, and the
New Horizons results on Pluto’s small moons
help to elucidate the conditions under which
the Pluto system formed and evolved.

RATIONALE: Pluto’s small moons are difficult
to observe from Earth-based facilities, with only
the most basic visible and near-infrared photo-
metric measurements possible to date. The
New Horizons flyby enabled a whole new
category of measurements of Pluto’s small
moons. The Long Range Reconnaissance Im-
ager (LORRI) provided high–spatial resolution
panchromatic imaging, with thousands of pix-
els across the surfaces of Nix and Hydra and

the first resolved images of Kerberos and Styx.
In addition, LORRI was used to conduct system-
atic monitoring of the brightness of all four
small moons over several months, from which
the detailed rotational properties could be
deduced. The Multispectral Visible Imaging
Camera (MVIC) provided resolved color mea-
surements of the surfaces of Nix and Hydra. The
Linear Etalon Imaging Spectral Array (LEISA)
captured near-infrared spectra (in the wave-
length range 1.25 to 2.5 mm) of all the small
moons for compositional studies, but those
data have not yet been sent to Earth.

RESULTS: All four of Pluto’s small moons are
highly elongated objects with surprisingly high
surface reflectances (albedos) suggestive of a
water-ice surface composition. Kerberos ap-
pears to have a double-lobed shape, possibly
formed by the merger of two smaller bodies.
Crater counts for Nix and Hydra imply sur-
face ages of at least 4 billion years. Nix and
Hydra havemostly neutral (i.e., gray) colors, but
an apparent crater on Nix’s surface is redder

than the rest of the sur-
face; this finding suggests
either that the impacting
body had a different com-
position or that material
with a different composi-
tion was excavated from

below Nix’s surface. All four small moons have
rotational periods much shorter than their
orbital periods, and their rotational poles are
clustered nearly orthogonal to the direction
of the common rotational poles of Pluto and
Charon.

CONCLUSION: Pluto’s small
moons exhibit rapid rotation and
large rotational obliquities, indi-
cating that tidal despinning has
not played the dominant role in
their rotational evolution. Colli-
sional processes are implicated
in determining the shapes of the
small moons, but collisional evo-
lution was probably limited to
the first several hundred million
years after the system’s formation.
The bright surfaces of Pluto’s
small moons suggest that if the
Pluto-Charon binarywas produced
during a giant collision, the two
precursor bodies were at least par-
tially differentiated with icy sur-
face layers.▪
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Pluto’s family of satellites. NASA’s New Horizons mission has resolved Pluto’s four small moons, shown in
orderof their orbital distance fromPluto (from left to right). Nix andHydra have comparable sizes (with equivalent
spherical diameters of ~40 km) and are much larger than Styx and Kerberos (both of which have equivalent
spherical diameters of ~10 km). All four of these moons are highly elongated and are dwarfed in size by Charon,
which is nearly spherical with a diameter of 1210 km.The scale bars apply to all images.
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The New Horizons mission has provided resolved measurements of Pluto’s moons Styx,
Nix, Kerberos, and Hydra. All four are small, with equivalent spherical diameters of
~40 kilometers for Nix and Hydra and ~10 kilometers for Styx and Kerberos. They are also
highly elongated, with maximum to minimum axis ratios of ~2. All four moons have high
albedos (~50 to 90%) suggestive of a water-ice surface composition. Crater densities
on Nix and Hydra imply surface ages of at least 4 billion years. The small moons rotate much
faster than synchronous, with rotational poles clustered nearly orthogonal to the common
pole directions of Pluto and Charon. These results reinforce the hypothesis that the small
moons formed in the aftermath of a collision that produced the Pluto-Charon binary.

P
luto’s four small moons Styx, Nix, Kerberos,
and Hydra (in order of increasing distance
from Pluto; hereafter we refer to this se-
quence as SNKH) were discovered using
theHubble Space Telescope (HST):Nix and

Hydra in 2005 (1), Kerberos in 2011 (2), and Styx
in 2012 (3). SNKH orbit the Pluto system bary-
center in essentially the same plane (coincident
with the Pluto-Charon orbital plane) and in near-
ly circular orbits with orbital semimajor axes of

42,656, 48,694, 57,783, and 64,738 km, and orbit-
al periods of 20.2, 24.9, 32.2, and 38.2 days, re-
spectively (4, 5). These orbital periods are nearly
integer multiples of Charon’s 6.4-day orbital pe-
riod, with ratios of 3:4:5:6 for SNKH, respectively
(4, 5). Sensitive searches for other moons with
New Horizons were unsuccessful (6), demon-
strating that no other moons larger than ~1.7 km
in diameter (assuming the geometric albedo is
~0.5) are present at orbital radii between 5000
and 80,000 km, with less stringent limits at larger
radii.
The long-term dynamical stability of Kerberos

places severe constraints on the allowable masses
and surface reflectances (i.e., albedos) of Nix and
Hydra (7). These latter constraints, together with
the disk-integrated brightness measurements of
Nix and Hydra (brightness is proportional to the
product of the object’s cross-sectional area and
its albedo), suggested that Nix and Hydra are
relatively small, icy satellites (7). Adopting the
hypothesis that impact-generated debris from
the small moons produced a regolith covering
Charon’s surface (8, 9), so that all of Pluto’smoons
would have similar visible-light albedos (the
visible-light albedo of Charon is ~0.38), the aver-
age spherical-equivalent spherical diameters of
Styx, Nix,Kerberos, andHydrawould be approxi-
mately 7, 40, 10, and 45 km, respectively. How-
ever, the observed brightness of Kerberos, together
with dynamical constraints on its mass (4), sug-
gested (5) that it has a much lower albedo and a
much larger size (e.g., diameter of 25 km for an

albedo of 0.06). On the basis of an extensive set of
HST brightness measurements over time, it was
argued that Nix is highly elongated, with a maxi-
mum to minimum axial ratio of ~2 (5). Similar
measurements suggested that Hydra was also
elongated, but less so than Nix (5). No stable ro-
tational period could be found for either Nix or
Hydra, perhaps suggesting that both bodies were
tumbling chaotically as a result of the large and
regular torques exerted on them by the Pluto-
Charon binary (5).
The New Horizons mission provided an oppor-

tunity to make spatially resolved observations of
Pluto’s small moons, thereby testing the findings
from Earth-based observations (4, 5) and various
theoretical predictions (7–9) by giving direct mea-
surements of their sizes, shapes, surface albedo,
and color variations, alongwith snapshots of their
rotational states. In addition, an extensive and
systematic set of unresolved panchromatic bright-
ness measurements of the small moons over sev-
eral months (early April to early July 2015) was
obtained by New Horizons during the approach
to Pluto, which provides further information on
their shapes and more precise information on
their rotational states. Here, we report on the
results from the New Horizons observations of
Pluto’s smallmoons using data received on Earth
by mid-December 2015. All the data discussed
here were obtained by either the Long Range
Reconnaissance Imager (LORRI), a panchromatic
camera (10), or the Multispectral Visible Imaging
Camera (MVIC), a color camera (11). Infrared
spectral measurements from the Linear Etalon
Imaging Spectral Array (LEISA) (11) will provide
detailed compositional information, but those
data will not be sent to Earth until March or
April 2016.

Physical properties

Table 1 presents a log of all the resolvedmeasure-
ments of Pluto’s small moons. Some examples of
the resolved images are shown in Fig. 1 (see also
fig. S1 and figs. S7 to S14). Systematic measure-
ments of the brightness variations of Pluto’s
moons between May and early July 2015 were
used together with the resolved measurements
to constrain the sizes, shapes, rotation periods,
and rotation poles of all fourmoons (12) (Table 2).
Figure 2 shows the observed brightness variations
after phasing by the best-fit rotational periods (see
also figs. S2 and S3). Unlike the case for Pluto and
Charon—eachofwhich synchronously rotateswith
a period of 6.3872 days, equal to their mutual or-
bital period around their common barycenter—
Pluto’s small moons rotate surprisingly rapidly
(Hydra has the fastest rotational period, ~10 hours)
and all are far from synchronous. The rotational
poles (Table 2 and table S4) are clustered nearly
orthogonal to the direction of the common rota-
tional poles of Pluto and Charon: The inclination
angles relative to the Pluto-Charon pole direction
are 91°, 123°, 96°, and 110° for SNKH, respectively.
Nominally, all the small moons have retrograde
rotation, but Nix is the only one significantly so
(i.e., retrograde with greater than 1s confidence).
This collection of inclinations is inconsistent
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Fig. 1. Best-resolved images of Pluto’s four small
moons. Celestial north is up; east is to the left.The Styx
image is a deconvolved (12) composite of six images
fromU_TBD_1_02 (Table 1) that has been resampled with
pixels one-eighth of the native pixel scale for cosmetic
purposes. The Nix image is a deconvolved single image
from N_LEISA_LORRI_BEST and is displayed with the
native pixels.The Kerberos image is a deconvolved com-
posite of four images from U_TBD_2 and has been re-
sampled with pixels one-eighth of the native pixel scale
for cosmetic purposes (12) (fig. S1).The Hydra image is a
deconvolved composite of two images fromH_LORRI_BEST
with pixels one-half of the native scale. Some surface fea-
tures on Nix and Hydra appear to be impact craters (12).

Fig. 2. Rotational light curves for Pluto’s small
moons. Systematic measurements of the bright-
nesses of Pluto’s small satellites were obtained by
LORRI during the approach to Pluto from May
through early July 2015. Hv refers to the total (i.e.,
integrated over the entire target) visible magnitude
(V band) referenced to a heliocentric distance of
1 AU, a spacecraft-to-target distance of 1 AU, and
a solar phase angle of 0° (using a phase law of
0.04 mag/deg). Different colors are used for the
seven different observing epochs (12) (table S4);
±1s error bars are shown for each measurement
(some error bars are smaller than the symbols).
Three different algorithms were used to search for
periodic variations in the data (12). The rotational
periods derived from that analysis (Table 2) were
then used to phase the brightness data, producing
the lightcurvesdisplayedabove.Thesedouble-peaked
light curves presumably result from the rotation of
elongated bodies, with the light-curve amplitude
determined by the variation in the cross-sectional
area presented to the observer,which depends on
the body’s shape and the angle between the ro-
tational pole and the line of sight to the body.The
rotational phases for all the resolved observations
of the small satellites (Table 1) are indicated by
the vertical red lines, although the angle between
the observer and the rotational pole may be dif-
ferent for these observations relative to the earlier
ones.The dashed curves are sinusoids with the best-
matched periods. The amplitudes for Styx, Nix, Kerberos, and Hydra, respectively, are 0.30, 0.20, 0.37, and 0.07 mag. The dashed horizontal lines are the
mean Hv values, which are 11.75, 8.28, 11.15, and 7.77 mag for Styx, Nix, Kerberos, and Hydra, respectively.
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with an isotropic distribution; even with only
four points, a Kolmogorov-Smirnov test shows a
less than 1% probability that this is a uniform
distribution in inclination (i.e., the pole inclina-
tions are nonuniform to a 2s to 3s confidence
level). These results on the rotational properties
have not been seen in other regular satellite sys-
tems in the solar system. Rapid rotations and
large obliquities imply that tidal despinning has
not played a major role in the moons’ rotational
histories. Themoons have probably never reached
the state of near synchronicity where chaotic per-
turbations by Charon have been predicted to
dominate (5); determining whether chaos plays a
role in the moons’ current rotational dynamics is
deferred to a future study.
Pluto’s small moons have highly elongated

shapes with maximum to minimum axial ratios
of ~1.5 to 2 (Table 2). Highly asymmetrical shapes

are typical of many other small bodies in the
solar system and presumably reflect a growth
process by agglomeration of small objects into
loosely bound, macroporous bodies whose gravity
was insufficient to pull them into more spherical
shapes. Kerberos, in particular, has a double-lobed
shape, suggesting the merger of two smaller bodies.
Hydra also has a highly asymmetrical shape that
may also indicate the merger of smaller bodies,
but the divots in Hydra’s surface may plausibly
have been produced by impacts from the local
Kuiper Belt population. The nonspherical shapes
of Pluto’s small satellites are consistent with their
formation in the remnant disk produced by the
collision of two large Kuiper Belt objects (KBOs)
that formed the Pluto-Charon binary (13–15).
Large uncertainties in the masses of the small

moons (up to ~100%), as well as large uncer-
tainties in their volumes, preclude determining

accurate values for their densities at this time
(densities of 0 are within the current error esti-
mates). However, the New Horizons results on
Kerberos (see below) clearly demonstrate that
the current dynamical estimate for its mass (4) is
an overestimate, possibly by a factor of ~100.

Albedos and surface features

The New Horizons spacecraft trajectory was de-
signed to maximize the scientific return on Pluto
and Charon, and observations of those bodies
were given priority during the flyby. Nonetheless,
Nix and Hydra were imaged with sufficient reso-
lution to investigate brightness variations, color
variations, and topographical features across their
surfaces. Direct surface reflectance (I/F, the ratio
of reflected intensity to incident flux from the Sun)
measurements are also available for Kerberos and
Styx. Contour maps of raw I/F values for the best-
resolved imagesof SNKHare shown in figs. S8 to S11.
All four small satellites have high albedos, sim-

ilar to those of some of Saturn’s small, icy moons
(16). Even at a phase angle of 34°, I/F on Hydra
reaches 0.56 ± 0.03 (the quoted error is the esti-
mated ±1s uncertainty in the LORRI absolute
calibration). Peak values of I/F for Styx, Nix, and
Kerberos are 0.40 ± 0.02, 0.57 ± 0.03, and 0.45 ±
0.02 at phase angles of 17.3°, 9.5°, and 24.7°,
respectively. Converting these reflectances into
geometric albedos (by definition, the geometric
albedo is the I/F at a phase angle of 0°) requires
knowledge of the phase function, including any
brightness increase that might occur near 0° as a
result of coherent backscattering.Weused the total
light integrated over the best image of Nix to con-
strain its geometric albedo, and then we used the
relative albedosderived from theunresolved bright-
ness measurements of all the small moons (when
the phase angle was identical for all the small
moons; we also accounted for rotational light-curve
variations among the small moons) to estimate
the geometric albedos of Styx, Kerberos, andHydra.
We derive a visible-band apparent magnitude

V = −0.79 ± 0.05 for the best image of Nix, which
was taken at a moderate phase angle of 9.5°.
For a phase law with a linear phase coefficient
of 0.04mag/deg, which we favor, the geometric
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Table 1. Log of available resolved observations of Pluto’s small moons. All observations of Pluto’s
small satellites with a resolution better than 15 km per pixel and downlinked to Earth before 15

December 2015 are listed. The dates are the mid-observation times at the New Horizons spacecraft.

Resolution refers to the projected distance at the object subtended by a single instrument pixel. The

phase angle is the Sun–object–New Horizons angle. All observations were taken with the LORRI
panchromatic camera (10), except “N_COLOR_2” and “N_MPAN_CA,” which were taken with the MVIC

color camera (11).

Object
Observation

name

Date in 2015

(UTC)

No. of images

containing object

Resolution

(km/pixel)

Phase angle

(degrees)

Styx U_TBD_1_02 07-13 23:44:56 6 3.13 17.3
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .
Nix N_LORRI_APPR_1D2 07-13 23:19:29 2 2.92 13.4

. .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
N_COLOR_2 07-14 08:03:29 1 3.10 8.45
. .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
N_LORRI_BACKUP 07-14 08:06:58 4 0.76 8.34
. .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
N_COLOR_BEST 07-14 09:12:59 1 1.99 6.13
. .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
N_LEISA_LORRI_BEST 07-14 10:03:10 1 0.30 9.45
. .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
N_MPAN_CA 07-14 11:16:35 1 0.45 85.9
. .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
N_DEP_SOONEST 07-14 14:56:57 16 0.93 158

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .
Kerberos U_TBD_2 07-14 04:24:17 4 1.97 24.7
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .
Hydra H_LORRI_APPR_1D2 07-13 23:16:23 2 3.18 21.5

. .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
H_COLOR_1 07-14 04:54:09 1 7.17 26.7
. .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
H_COLOR_BEST 07-14 07:37:00 1 4.59 33.5
. .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
H_LORRI_BEST 07-14 07:40:28 8 1.14 33.9

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Table 2. Properties of Pluto’s small satellites. The sizes (diameters) are

three-dimensional ellipsoidal best fits to the resolved and unresolved (light

curve) measurements (12). Uncertainties are ±3 km (±1s) for Styx, Kerberos,

and Nix and ±10 km (±1s) for Hydra. Kerberos has a dual-lobed shape that is
not fit well by a single ellipsoid. The orbital periods are from (5). The rotation

rates are determined from analyses of light-curve data taken over several

months (12). Rotational pole directions are determined from a model that
attempts to match both the light-curve measurements and the resolved

measurements (12). The pole positions listed below are accurate to ±10° (±1s,

see also fig. S4); the rotational poles of Pluto and Charon both point at [RA,
DEC] = [132.993°, −6.163°]. The geometric albedos listed here may not fully

account for any potential rapid increase in brightness near 0° phase angle (see

text for further details). On the basis of a recent (November 2015) analysis of

stellar calibration data, we have reduced LORRI’s sensitivity by 20% relative to
the preflight value, which raises the derived geometric albedo values (tabulated

below) by 20% relative to the values based on the original calibration. LORRI’s

sensitivity has been stable at the ~1% level since launch, and a more definitive

absolute calibration is expected from stellar observations planned in July 2016.

Object Size (km) Orbital period (days) Rotation rate (days) Rotation pole [RA, DEC] Geometric albedo

Styx 16 × 9 × 8 20.16155 ± 0.00027 3.24 ± 0.07 [196°, 61°] 0.65 ± 0.07
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Nix 50 × 35 × 33 24.85463 ± 0.00003 1.829 ± 0.009 [350°, 42°] 0.56 ± 0.05
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Kerberos 19 × 10 × 9 32.16756 ± 0.00014 5.31 ± 0.10 [222°, 72°] 0.56 ± 0.05
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Hydra 65 × 45 × 25 38.20177 ± 0.00003 0.4295 ± 0.0008 [257°, –24°] 0.83 ± 0.08
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .
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albedo is 0.61. For a phase law of 0.02mag/deg,
which is near the extreme of what is observed
for asteroids and other planetary satellites, the
geometric albedo would be 0.51. Thus, for Nix
we adopt a geometric albedo of 0.56 ± 0.05.
Using the relative albedo measurements derived
from the extensive set of observations taken dur-
ing May to July 2015 (Fig. 2), we derive the geo-
metric albedos for Styx, Kerberos, and Hydra
listed in Table 2. None of these geometric albedo
values account for potential rapid brightness in-
creases near 0° phase angle, where observations
from New Horizons were not possible.

The vast majority of KBOs that are considered
small (although most of their diameters exceed
100 km) have visible-band geometric albedos of
less than 20%, with typical values of ~10% (17, 18).
Thus, these new measurements provide further
evidence that Pluto’s small moons were not cap-
tured from the general Kuiper Belt population,
but instead formed by agglomeration in a disk
of material produced in the aftermath of the
Charon-forming collision (13–15). The geomet-
ric albedos of the small moons appear to be
larger than the value for Charon (~0.38), con-
trary to the prediction that regolith transfer from

the small moons to Charon would result in ap-
proximately equal geometric albedos for all of
Pluto’s moons (8, 9). The high albedo and small
size for Kerberos directly contradict the predic-
tion (5) that Kerberos should be large and dark.
However, our observational results from New
Horizons support the predictions from two the-
oretical studies (7, 15), which argued for high
albedos for the small moons on the basis of
dynamical considerations.
Although diagnostic compositional spectra on

Pluto’s small moons have not yet been received
from the New Horizons spacecraft, the combina-
tion of high surface albedo and their residence at
large heliocentric distances strongly suggests that
all the moons are covered with icy material. By
analogy with Charon, which is covered in H2O ice
but not massive enough to retain more volatile
ices (e.g., N2, CH4, CO, etc.) over the age of the solar
system (19, 20), we propose that the surfaces of
Pluto’s small moons are likely also covered with
H2O ice.We further note that if the Pluto-Charon
binary was produced by a giant collision in
which both precursor bodies were at least partial-
ly differentiated with icy surface layers, any small
moons formed in the resulting debris disk are
predicted to be rich in water ice (14, 15).
Both Nix and Hydra have surface features that

we attribute to impact craters caused by bom-
bardment from small bodies in the local Kuiper
Belt population. We identify 11 craterlike features
on Nix and 3 craterlike features on Hydra (12)
(figs. S12 to S14). We calculate crater densities of
1 × 10−3 to 3 × 10−3 km−2 for crater diameters of
≥4 km, which match or exceed the values found
(21) on the older regions of Pluto and Charon
after accounting for the much lower gravities of
Nix and Hydra (Fig. 3) (22). Given the resolution
and phase angle limitations of the images (Table
1) and the difference in impact speeds for the
small moons relative to Pluto, these cumulative
counts should be considered minimum values.
Assuming that our identification of craters on
Nix and Hydra is correct, the high crater densi-
ties suggest (21, 22) that the surfaces of Nix and
Hydra date back to at least 4 billion years ago,
when the population density of the Kuiper Belt
was perhaps 100 times the present-day value (23).
Catastrophic disruption since that time is not pre-
dicted for Nix and Hydra (22), which is consistent
with their ancient surface ages.
Nix and Hydra have mostly neutral (i.e., gray)

colors, but Hydra is somewhat bluer than Nix
(Fig. 4). Perhaps Hydra’s surface is icier than
Nix’s, whichmight explain both its higher albedo
and bluer color. The largest crater on Nix’s sur-
face is redder than the rest of its surface (Fig. 5).
Possible explanations are that the impacting body
had a composition different from that of Nix or
that the impact exposedmaterial with a different
composition from below Nix’s surface. No color
variation is detected for the other impact craters
identified on Nix’s or Hydra’s surfaces.

Implications

The New Horizons observations of Pluto’s small
satellites have produced a number of results:

aae0030-4 18 MARCH 2016 • VOL 351 ISSUE 6279 sciencemag.org SCIENCE

Fig. 3. Cumulative crater size-
frequency distributions for Nix,
Hydra, Pluto’s encounter hemisphere
(EH), and Charon’s Vulcan Planum
(VP). The curves for Pluto and Charon
are from Moore et al. (21). Nix and Hydra
crater sizes (table S2) are scaled down-
ward by a factor of 2.1 (appropriate for
porous regolith-type material) to
account for the difference in gravity
between these small moons and Pluto
(12). Standard Poisson statistical errors

(
ffiffiffiffi

N
p

) are displayed. The phase angle for
the “Nix (LORRI)” data (N_LEISA_
LORRI_BEST; phase angle 9.45°) was
less ideal for topographic feature identi-
fication than the phase angle for the
“Nix (MVIC)” observation (N_MPAN_CA;
phase angle 85.9°). Thus, the lower
crater density for Nix (LORRI) versus Nix
(MVIC) may be an artifact of the viewing
and lighting geometry. The yellow line
indicates the Greenstreet et al. (22)
prediction for the cumulative density of craters on Pluto’s surface over a span of 4 billion years for
their “knee” model. Although not saturated in appearance, Nix and Hydra both exhibit slightly higher
crater densities than Pluto and Charon, implying a surface age of at least 4 billion years (see text).

Fig. 4. Color ratios for the sur-
faces of Pluto, Charon, Nix,
and Hydra. Blue/Red and Red/
NIR color ratios derived from MVIC
images are displayed (Blue = 400
to 550 nm, Red = 540 to 700 nm,
NIR = 780 to 975 nm). Gold points
are from Pluto’s surface; silver
points are from Charon’s surface.
Blue contours show the
distribution of colors on Nix’s sur-
face; black contours show the
distribution of colors on Hydra’s
surface.The normalized solar color
is denoted by the star (at
coordinate [1,1] in the plot);
surfaces redder than solar are at
the lower left of the star, and
regions bluer than solar appear at
the upper right. Pluto exhibits
a diversity of colors over its sur-
face (24). Charon has less color
diversity than Pluto, and the range
of its colors follows a mixing line (24). Nix and Hydra have nearly solar colors (i.e., gray color) that are
distinct from either Pluto or Charon, with Hydra being slightly bluer than Nix.
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rapid rotation rates and unusual pole orienta-
tions; bright, icy surfaces with albedos and colors
distinctly different from those of Pluto andCharon;
evidence ofmerged bodies; and surface ages of at
least 4 billion years. Perhaps the rotational prop-
erties of the small moons are affected by stochastic
collisional processes, which could both spin up
themoons and reorient their rotational axes,more
strongly than had been appreciated. The presence
of a distinctly different layer ofmaterial uncovered
and/or deposited by an impact on Nix demon-
strates that these bodies possess regoliths. The
New Horizons measurements suggest that rego-
lith sharing between the smallmoons andCharon
is less extensive than previously thought (8, 9).
Collisions are also implicated in determining the
shapes of the small moons: Kerberos appears to
record the slow merger of two separate bodies,
and Hydra has large surface indentations that
might reflectmass loss by impacting bodies. How-
ever, the major collisional evolution of the small
moons was probably limited to the first several
hundred million years after the solar system’s
formation, because the surface crater retention
ages of Nix and Hydra exceed 4 billion years.
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Fig. 5. Color of Nix’s surface. (A) Panchromatic LORRI image of Nix taken from N_LEISA_LORRI_BEST
(Table 1). (B) Enhanced MVIC color image of Nix taken from N_COLOR_BEST. (C) The LORRI image
of Nix was colored using the data derived from the MVIC image. Most of Nix’s surface is neutral (i.e.,
gray) in color, but the region near the largest impact crater is slightly redder than the rest of the surface.
Celestial north is up and east is to the left for all images.
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Pluto’s interaction with its space
environment: Solar wind, energetic
particles, and dust
F. Bagenal,* M. Horányi, D. J. McComas, R. L. McNutt Jr., H. A. Elliott, M. E. Hill,
L. E. Brown, P. A. Delamere, P. Kollmann, S. M. Krimigis, M. Kusterer, C. M. Lisse,
D. G. Mitchell, M. Piquette, A. R. Poppe, D. F. Strobel, J. R. Szalay, P. Valek,
J. Vandegriff, S. Weidner, E. J. Zirnstein, S. A. Stern, K. Ennico, C. B. Olkin,
H. A. Weaver, L. A. Young, New Horizons Science Team†

INTRODUCTION: The scientific objectives of
NASA’s New Horizons mission include quan-
tifying the rate at which atmospheric gases are
escaping Pluto and describing its interaction

with the surrounding space
environment. The twoNew
Horizons instruments that
measure charged particles
are the SolarWindAround
Pluto (SWAP) instrument
and the Pluto Energetic

Particle Spectrometer Science Investigation
(PEPSSI) instrument.TheVenetiaBurneyStudent
Dust Counter (SDC) counts the micrometer-
sized dust grains that hit the detectorsmounted
on the ram direction of the spacecraft. This
paper describes preliminary results from these
threeinstrumentswhenNewHori-
zons flew past Pluto in July 2015
at a distance of 32.9 astronomical
units (AU) from the Sun.

RATIONALE: Initial studies of
the solar wind interaction with
Pluto’s atmosphere suggested
that the extent of the interac-
tion depends onwhether the at-
mospheric escape flux is strong
(producing a comet-like inter-
action, where the interaction re-
gion is dominated by ion pick-up
and is many times larger than
the object) or weak (producing
aMars-like interactiondominated
by ionospheric currents with lim-
ited upstreampick-up andwhere
the scale size is comparable to
theobject). Before theNewHori-
zons flyby, the estimates of the at-
mosphericescaperaterangedfrom
as lowas1.5× 1025molecules s–1 to
as high as 2 × 1028molecules s–1.
Combining these wide-ranging
predictions of atmospheric es-
cape rates with Voyager and New

Horizons observations of extensive variability
of the solar wind at 33 AU produced estimates
of the scale of the interaction region that span-
ned all the way from 7 to 1000 Pluto radii (RP).

RESULTS: At the time of the flyby, SWAPmea-
sured the solar wind conditions near Pluto to be
nearly constant and stronger than usual. The
abnormally high solar wind density and asso-
ciated pressures for this distance are likely due
to a relatively strong traveling interplanetary
shock that passed over the spacecraft 5 days
earlier. Heavy ions picked up sunward fromPluto
shouldmass-load and slow the solar wind.How-
ever, there is no evidence of such solar wind slow-
ing in the SWAP data taken as near as ~20 RP

inbound, which suggests that very few atmo-

spheric molecules are escaping upstream and
becoming ionized. The reorientation of the space-
craft to enable imagingof thePluto systemmeant
that both the SWAP and PEPSSI instruments
were turned away from the solar direction, thus
complicating our analysis of the particle data.
Nevertheless, when the spacecraft was ~10 RP

from Pluto, SWAP data indicated that the solar
wind had slowed by ~20%. We use these mea-
surements to estimate a distance of ~6 RP for
the 20% slowing location directly upstream
of Pluto. At this time, PEPSSI detected an en-
hancement of ions with energies in the kilo–
electron volt range. The SDC, whichmeasures
grains with radii >1.4 µm, detected one candidate
impact in ±5 days around its closest approach, in-
dicatingadustdensityestimateofn=1.2km–3,with
a 90% confidence level range of 0.6 < n < 4.6 km–3.

CONCLUSION: NewHorizons’s particle instru-
ments revealed an interaction region confined
sunward of Pluto towithin~6RP. The surprising-
ly small size is consistent with a reduced atmo-
spheric escape rate of 6 × 1025 CH4molecules s–1,
as well as a particularly high solar wind flux due
to a passing compression region. This region is
similar in scale to the solarwind interactionwith
Mars’s escaping atmosphere. Beyond Pluto,
the disturbance persists to distances greater
than 400 RP downstream.▪
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Interaction of the solar wind with Pluto’s extended atmosphere. Protons and electrons streaming from the Sun at
~400 km s–1 are slowed and deflected around Pluto because of a combination of ionization of Pluto’s atmosphere and
electrical currents induced in Pluto’s ionosphere.
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Pluto’s interaction with its space
environment: Solar wind, energetic
particles, and dust
F. Bagenal,1* M. Horányi,1 D. J. McComas,2,3 R. L. McNutt Jr.,4 H. A. Elliott,2

M. E. Hill,4 L. E. Brown,4 P. A. Delamere,5 P. Kollmann,4 S. M. Krimigis,4,6

M. Kusterer,4 C. M. Lisse,4 D. G. Mitchell,4 M. Piquette,1 A. R. Poppe,7 D. F. Strobel,8

J. R. Szalay,1,9 P. Valek,2 J. Vandegriff,4 S. Weidner,2 E. J. Zirnstein,2 S. A. Stern,9

K. Ennico,10 C. B. Olkin,9 H. A. Weaver,4 L. A. Young,9 New Horizons Science Team†

The New Horizons spacecraft carried three instruments that measured the space
environment near Pluto as it flew by on 14 July 2015. The Solar Wind Around Pluto
(SWAP) instrument revealed an interaction region confined sunward of Pluto to within
about 6 Pluto radii. The region’s surprisingly small size is consistent with a reduced
atmospheric escape rate, as well as a particularly high solar wind flux. Observations
from the Pluto Energetic Particle Spectrometer Science Investigation (PEPSSI)
instrument suggest that ions are accelerated and/or deflected around Pluto. In the
wake of the interaction region, PEPSSI observed suprathermal particle fluxes equal to
about 1/10 of the flux in the interplanetary medium and increasing with distance
downstream. The Venetia Burney Student Dust Counter, which measures grains with radii
larger than 1.4 micrometers, detected one candidate impact in ±5 days around New
Horizons’ closest approach, indicating an upper limit of <4.6 kilometers–3 for the dust
density in the Pluto system.

A
fter a journey of more than 9 years, NASA’s
New Horizons spacecraft flew past Pluto
on 14 July 2015 (1). Scientific objectives of
the New Horizons mission include quan-
tifying the rate at which atmospheric gases

are escaping Pluto (2) and describing its interac-

tion with the surrounding space environment.
The two New Horizons instruments that mea-
sure charged particles are the Solar Wind Around
Pluto (SWAP) instrument (3) and the Pluto Ener-
getic Particle Spectrometer Science Investiga-
tion (PEPSSI) instrument (4). The Venetia Burney

StudentDust Counter (SDC) counts themicrometer-
sized dust grains that hit the detectors mounted
on the ram direction of the spacecraft (5). This
paper describes preliminary results measured
by these three instruments during the Pluto en-
counter period (the geometry of which is illustrated
in Fig. 1). New Horizons reached its closest ap-
proach distance of 11.54 RP, where a Pluto radius
is RP = 1187 km (1), on day of year (DOY) 195 at
11:49 universal time coordinated (UTC).
Initial studies of the solar wind interaction

with Pluto’s atmosphere (6–15), all assuming the
absence of an intrinsic magnetic field, suggested
that the extent of the interaction depends on
whether the atmospheric escape flux is strong
or weak: Strong escape flux produces a comet-
like interaction, where the interaction region is
dominated by ion pick-up and ismany times larger
than the object. Conversely, weak flux results in a
Mars-like interaction dominated by ionospheric
currentswith limited upstreampick-up andwhere
the scale size is comparable to that of the object.
Before the New Horizons flyby, estimates of the
atmospheric escape rate ranged from as low as
1.5 × 1025 molecules s–1 to as high as 2 × 1028 mol-
ecules s–1 (16–23). Combining these atmospheric
escape rates with Voyager and New Horizons ob-
servations of the solar wind at 33 astronomical
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Fig. 1. Geometry of the New Horizons trajectory through the solar wind interaction with Pluto’s atmosphere on DOY 195. Along the gray section of the
trajectory between points A and B, the New Horizons spacecraft pointed the SWAP instrument’s field of view away from the solar direction.The pink circle shows
the extent of Pluto’s atmosphere (2).



units (AU) produced estimates of the scale of
the interaction region that ranged from 7 to
1000 RP (24).

New Horizons flew past Pluto at a distance of
32.9 AU from the Sun. At the time of encounter,
Pluto was 1.9° above the ecliptic plane on its ec-

centric orbit. The flyby occurred as the Sun was
in the descending phase of the solar cycle. In
Table 1, we compare the interplanetary plasma

aad9045-2 18 MARCH 2016 • VOL 351 ISSUE 6279 sciencemag.org SCIENCE

Table 1. Solar wind conditions at 33 AU. Predictions are based on Voyager 2 plasma data obtained from 1988 to 1992 between 25 and 39 AU (24) and
observed by the New Horizons SWAP instrument. g, adiabatic index; mi, ion mass.

Plasma property Formula [units]
Predicted

10th percentile

Predicted

mean

Predicted

90th percentile

Observed

by SWAP

Solar wind speed VSW [km/s] 380 430 480 403
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Proton density n [cm–3] 0.0020 0.0058 0.014 0.025
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Proton flux nV [km s–1 cm–3] 0.84 2.4 7.0 10
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Proton temperature
T [K]

T [eV]

3040

0.26

6650

0.57

16800

1.5

7700

0.66
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Proton thermal pressure (IPUI pressure*) P = nkT [fPa] 0.12
0.53

(20 ± 8*)
2.1 2.5

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Proton ram pressure P = rV2 [pPa] 0.55 1.7 4.0 6.0
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Sound speed (with IPUIs*) Vs = (gkT/mi)
1/2 [km/s] 6.3

9.4

(58*)
15

10

(28*)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Sonic Mach number (with IPUIs) MS = VSW/Vs 60
46

(7.5*)
32

40

(14*)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Magnetic field strength B [nT] 0.08 0.15 0.28 0.3†
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Pickup CH4
+ gyroradius Rgyro [RP] 670 400 240 190†

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Alfvén speed VA = B/(m0r)
1/2 [km/s] 22 45 96 41†

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Alfvén Mach number MA = VSW/VA 4.6 9.5 20 9.8†
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Magnetosonic Mach no. (with IPUIs*) MMS = VSW/(VA
2 + Vs

2)1/2 17 9

(6*)

5 9.5†

(8*†)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

*Including the thermal pressure of IPUIs from (31, 32, 56). †For the Pluto flyby, we take an interplanetary magnetic field strength of ~0.3 nT.
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Fig. 2. Overview of SWAP data.Color spectrogram of coincidence count rate
(COIN) as a function of E/q and derived proton flow speed, density, and
temperature values for the interval surrounding the Pluto flyby. The vertical
dashed green line shows the time of closest approach. Unshaded regions
indicate times during which some portion of SWAP’s very broad field of view
was pointed within 5° of the Sun direction, and thus SWAP would be able to

observe a radially outflowing solar wind. Moments are derived for these times
when solar wind–like distributionswere observed.Blackdata points at the start
and end of this interval allow linear least-squares fits to these samples of
essentially pristine solar wind (nearly horizontal lines), whereas disturbed,
higher-temperature solar wind (red points) is evident in the interaction region
several hundred RP behind Pluto.
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conditions predicted based on Voyager data for
33 AU (24) with the observations made by the
NewHorizons SWAP instrument. In the absence
of a direct measurement of the local magnetic
field, we assume an interplanetary magnetic field
(IMF) of 0.3 nT, at the upper end of the range
observed by Voyager (as discussed further below).

Solar Wind Around Pluto
The SWAP instrument

The SWAP instrument was specifically designed
and optimized for the New Horizons mission,
with the primary design drivers being (i) a large
aperture and geometric factor to accurately mea-
sure the tenuous solar wind at ~33 AU, (ii) mini-
mum use of spacecraft resources such as mass
and power, and (iii) its position mounted on a
spacecraft that would rotate over a very wide
range of spacecraft-pointing directions through-
out the flyby. Early in the mission development
phase, the flyby-pointing directions were not well
known, but the best information available at that
time was that most spacecraft pointing would
involve rotation around a single spacecraft axis:
the z axis. Thus, SWAP was designed to have an
extremely broad acceptance angle (~276°) in the
plane perpendicular to this axis, which requires
an electrostatic top-hat style analyzer with its
axis of symmetry aligned with the spacecraft’s z
axis. Ions are bent through the electrostatic ana-
lyzer, pass through a nearly field-free conical re-
gion, and are focused into a coincidence detector
section, which provides very high signal-to-noise
ratio measurements for solar wind ions. Details
of the SWAP instrument design are provided by
McComas et al. (3), and SWAP data has already
been used to examine the Jovianmagnetosphere
and distant magnetotail (25–29).

The solar wind at the time of the
Pluto flyby

At the time of the flyby, the solar wind conditions
near Pluto (measured by SWAP) were nearly con-
stant, which is advantageous for interpreting
the solar wind–Pluto interaction. The top panel
of Fig. 2 shows a color spectrogram of SWAP co-
incidence counts as a function of energy per charge
(E/q) and time. On the left and right sides of
the plot, away from the Pluto interaction, the red
and yellow bands located slightly under 1 and
2 keV/q are solar wind protons and alpha particles,
respectively. We calculate the solar wind proton
parameters for these intervals (30) and find a
strong consistency between the values before
~11:20 UTC on DOY 195 and again on DOY 196
(black points). These intervals represent the un-
perturbed solar wind ahead of and beyond Pluto
along the New Horizons trajectory, respectively.
Interpolating between these points (black line),
we infer—at the time of theNewHorizons’s closest
approach (11:48UTC; green vertical dashed line)—
a solar wind speed of ~403 km s–1, a proton den-
sity of ~0.025 cm–3, a proton temperature of ~7700K
(0.7 eV), a proton dynamic pressure of ~6.0 pPa,
and a core solar wind proton thermal pressure of
~2.5 × 10−3 pPa (Table 1). From the properties of
just the thermal solar wind, we calculate a sonic

Mach number of ~40. The sonicMach number is
substantially reduced to 14 if we include the inter-
stellar pick-up ions (IPUIs),which provide thermal
pressure that is roughly an order of magnitude
greater than the aforementioned value at these
heliocentric distances (31, 32). The measured un-
usually high solar wind density and associated
pressures for this distance are probably due to a
relatively strong traveling interplanetary shock
that passed over the spacecraft 5 days earlier on
DOY 190.
New Horizons was not equipped with a mag-

netometer, so the interplanetary magnetic field
strength at the time of the flyby is not known. In
Table 1, we list typical values of the IMF magni-
tude (|B|) of 0.08 to 0.3 nT at 33 AU in the solar
wind (24, 33). If we assume the interplanetary
shock that passed NewHorizons on DOY 190 also

increased |B| to the top of this range, we calcu-
late an Alfvén speed [VA = B/(m0r)

1/2, where m0 is
the vacuum permeability and r is the total mass
density of the chargedplasmaparticles] of 41 kms–1;
an Alfvén Mach number (MA = VSW/VA; where
VSW is the solar wind speed) of 9.8; and a mag-
netosonicMachnumber [MMS=VSW/(VA

2 +Vs
2)1/2;

where Vs is the speed of sound] of 9.5, which is
reduced to 8 if we include the IPUIs. The ratio of
proton thermal pressure to magnetic pressure
[b = nkT/(B2/2m0); where n is the proton density,
k is Boltzmann’s constant, and T is temperature]
is just 0.07, which appears to suggest that the
IMF dominates the dynamics. But if we include
the substantial pressure of the IPUIs, b becomes
greater than unity, emphasizing the importance
of IPUIs for the dynamics of the outer helio-
sphere.We stress that all of these values are based
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Fig. 3. Overview of PEPSSI data taken near Pluto. (A) Measurement of ions with Poisson error bars
based on TOF data. Ion speeds inside the instrument correspond to 1 to 4 keV/amu. The colors of the
symbols identify the viewing angles relative to the Sun direction (D). Background colors refer to time
periods discussed in the text. Dashed lines denote locations where NewHorizons had its closest approach
to Pluto andwas directly antisunward of Pluto and Charon. (B) Energy spectrogramof TOFdata, assuming
that ions have not been accelerated by the potential but not accounting for energy losses in the foils.
(C) Angle of PEPSSI’s sector S0 to the Sun direction, with colors corresponding to those used in (A).
(D) Location of New Horizons relative to Pluto and Charon. Black, radial distance to Pluto; blue, distance
along the Pluto-Sun line; red, distance to the Pluto-Sun line; orange, distance to the Charon-Sun line.
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on assumed field strengths and not measured
values.

Upstream interaction confined close
to Pluto

Heavy ions picked up sunward from Pluto should
mass-load and slow the solar wind ahead of it.
However, there is no evidence of such solar wind
slowing and hence no evidence of the addition of
Pluto pick-up ions (PPUIs) in the SWAP data as

close as ~20RP inbound (point A in Fig. 1 at 11:25
UTC). The calculated speed value at that location
is 405 km s–1, but if we take an upper bound of
1% slowing at this point, or 399 km s–1 compared
with the interpolated value at Pluto of 403 km s–1,
we can use conservation of momentum to cal-
culate an upper bound on the density of a fully
picked up heavy ion [CH4 (2)] at this distance.
We note that if the pick-up ions are N2 instead of
CH4, densities would be smaller by the mass ratio

of the ions [28 atomicmass units (amu)/16 amu =
1.75]. For a solarwindprotondensity of 0.025 cm–3,
we obtain

403 km s–1 × 0.025 cm–3

= 399 km s–1 × 0.025 cm–3 (1 + 16NCH4/Np)

providing an upper bound on the NCH4/Np ratio
(number of CH4 molecules/number of protons)
of ~6 × 10−4 and upper bound on the fully picked
up CH4 density of 2 × 10−5 cm−3 at 20 RP along
the New Horizons trajectory.
Between 11:25 and 11:56 UTC, the New Hori-

zons spacecraft was pointed in directions that
did not allow SWAP to view back toward the Sun
and into the solar wind. However, from 11:56
to 11:58 UTC (point B in Fig. 1), the spacecraft
rotated through directions sufficiently close to
the sunward direction such that SWAP was able
to take three contiguous energy-per-charge scans
of what appears to be solar wind plasma. For
each sample, wemade Gaussian fits around the
peak of the coincidence counts, including errors,
and calculated speeds of 314, 343, and 315 km s–1,
for an average of 324 km s–1. Therefore, we con-
clude that the solar wind had slowed by ~20% at
this location. Repeating the conservation of mo-
mentum calculation as above

403 km s–1 × 0.025 cm–3

= 324 km s–1 × 0.025 cm–3 (1 + 16NCH4/Np)

produces an approximate NCH4/Np ratio of ~2 ×
10−2 and a fully picked up CH4 density of ~4 ×
10−4 cm–3 at this location along Pluto’s dawn flank.
This very small amount of mass loading so close
to Pluto demonstrates that Pluto cannot have a
strong comet-like interaction as was generally
thought before the flyby.

Extended interaction behind Pluto

For roughly 3 hours after its closest approach to
Pluto, SWAP observed much lower levels of co-
incidence counts and no obvious beamlike dis-
tribution characteristic of the solar wind. From

aad9045-4 18 MARCH 2016 • VOL 351 ISSUE 6279 sciencemag.org SCIENCE

Fig. 4. Burst of energetic ions. Zooming in to the interval shaded pink in Fig. 3A, we show PEPSSI TOF
observations from 11:52 to 12:01 UTC on 14 July 2015. (A) Color spectrogram of 6625 single TOF events
returned during this period from all PEPSSI sectors. Raw data are acquired once every second and have
been binned into 5-s average rates and logarithmically spaced bins in energy permass. (B) Corresponding
total counts per second integrated across all energies. (C) Angle between the direction to the Sun and the
normal to the S0 sector. (D) Distanceof NewHorizons to Pluto and to the Sun-Pluto line during this period.

Fig. 5. Energetic particles along the trajectoryofNewHorizons.The xP axis points away from the Sun.The vertical axis shows rP, the distance from the xP axis
in a plane containing Pluto and the trajectory. Green circles show the locations of Pluto and Charon. Open circles show times in UTC. Pink-filled circles mark the
range of the ion enhancement; blue-filled circles delimit the wake. Color along the trajectory shows a PEPSSI count rate (same as in Fig. 3A).
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~12:00 to 14:40 UTC and again from ~15:00 to
15:15 UTC (unshaded regions in Fig. 2), SWAP
was viewing close enough to the sunward direc-
tion to see such a beam. However, because (i) a
relatively narrow, solar wind–like distribution
could have been deflected in this region, and
(ii) sufficiently slow-flowing solar wind plasma
would drop below the energy range sampled by
SWAP, it is not possible to determine from these
coincidence data whether the solar wind was
somehow excluded from all or part of the sam-
pled region and/or whether it was simply flow-
ing in a way that SWAP was not able to observe.
More detailed analysis of the SWAP data, includ-
ing identification of the light (solar wind) versus
heavy (Pluto) ions will be required to understand
the plasma distributions observed behind Pluto.
Starting at ~18:30 UTC, New Horizons was

turned several times to observe the solar wind
direction, and SWAP measured disturbed solar
windwith somewhat variable speed and density

andproton temperatures up to ~40,000K (3.4 eV),
much higher than the ~7700 K (0.7 eV) of the
surrounding solar wind. As seen in Fig. 2 (red
points), the temperature shows elevated values
that generally drop off with distances greater than
400 RP and return to the essentially unperturbed
values by around the start of DOY 196. These
SWAP observations suggest substantial heating by
the Pluto interaction. Finally, by the time that New
Horizons next viewed the solar wind at the start of
DOY 196, the plasma conditions had essentially
returned to those observed before the flyby, in-
dicating the end of any noteworthy interaction
with Pluto.

Particle measurements
The PEPSSI instrument

The PEPSSI instrument measures the time of
flight (TOF) of energetic ions and electrons by
detecting their passage between start and stop
foils. For particles with sufficiently high energy,

the energy deposited in a given solid-state de-
tector is measured (4). PEPSSI has six angular
sectors labeled S0 to S5, and we concentrate on
the measurements in S0, which observes parti-
cles close to the Sun direction during the time of
the Pluto encounter. We report on TOF-only ion
measurements corresponding to an energy per
mass of ~0.5 to 50 keV/amu, for which PEPSSI
observed the highest counting rates at Pluto.
The PEPSSI TOF range nominally extends from
3 to 168 ns (34) for time intervals reported for
ions traversing a 6.00-cm path internal to the
instrument.
Ions are accelerated into PEPPSI by a potential

of –2.63 kV by a negatively biased grid at the en-
trance apertures. This potential is with respect
to the spacecraft, which we assume to be close to
that of the ambient plasma. The reported energy/
mass range given above is measured inside the
instrument.Without knowledge of an ion’smass,
there is ambiguity about what ion species are
being measured. The likely composition of ions
in the solar wind in the outer heliosphere in-
cludes H+, He++, He+, and On+, either from the
ions originating in the solar corona (35) or from
IPUIs originating in the interstellar medium (36).

PEPSSI observations of the
Pluto environment

Pluto has a substantial effect on the interstellar
pickup and suprathermal ions, as illustrated in
Fig. 3. We have found no decisive evidence for
plutogenic heavy ions in the PEPPSI energy range
in the immediate vicinity of Pluto (within 500 RP

of Pluto). There were also no detections near
Pluto of >25-keV electrons above a background
consistent with the expected galactic cosmic
ray fluxes.
Figure 3 shows an overview of the PEPSSImea-

surements obtained during the Pluto flyby. New
Horizons entered the region of Pluto’s interac-
tion, as seen in the energetic particles sometime
between 06:20 and 11:52 UTC on the flyby day.
PEPSSI data suggest that New Horizons left the
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Fig. 6. Events around Pluto.
(A) The events recorded
during ±5 days of the closest
approach to Pluto. Gray
colored dots indicate noise
events identified to be
coincident dust hits or a
single event coincident with
thruster firings. The color
code represents the
boresight-to-ram angle (b2r),
measured between the SDC
surface normal and the
velocity vector of the
spacecraft. SDC’s sensitivity
rapidly drops to zero for
impact angles >45°; hence,
events marked by red and green dots are also noise events. A single detection at a distance of ~3000 RP (11 July 2015), before the closest encounter remains,
the only candidate for detecting a Pluto-system dust particle. (B) The amplitude distribution of all the noise events during this period is well fit to a Gaussian
curve with an average of 1.1 × 107 e and a 1s error = 1.5 × 106 e, indicating that our candidate impact event generated a charge that had an amplitude with a 2s
error above the average.

Fig. 7. Dust in the
outer solar system.
The image shows dust
density or particles
with radii >1.4 mm, as
measured by SDC in
the outer solar system.
The last data point
with an error bar
shows the data
collected since
1 January 2015. The
green dot indicates the
most likely dust den-
sity of 1.2 km–3, on the
basis of a single can-
didate dust event.
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Pluto interaction region sometime between 15:20
and 18:33 UTC, equivalent to a downstream dis-
tance of 120 to 270 RP. These periods are marked
by green background shading in Fig. 3. The en-
ergetic particles return to a normal state after
18:33 UTC. The earliest and latest times delimit
periods using two criteria: when PEPSSI was
close to its nominal attitude (sector S0 of the
instrument pointed ~35° from the Sun direction)
and when measured fluxes and spectra were
characteristic of those observed in the inter-
planetary medium.
Around 11:57 UTC (point B in Fig. 1) and 50°

from the solar direction, PEPSSI detected inten-
sities >10 times larger than those typically ob-
served for that attitude. At that time, NewHorizons
was ~10 RP to the side of Pluto. Figure 4 shows a
close-up of this time period. The envelope of the
measured intensities is modulated by the change
in PEPSSI’s look direction, and there is a super-
imposed fine structure on the time scale of sev-
eral seconds (corresponding to ~0.1RP). This fine
structure, together with the higher-than-normal
intensities for this look direction, suggests that
New Horizons entered a new region. One hypo-
thesis is that PEPSSI detects particles accelerated
from lower energies at a compressive shock near
Pluto. Such a shockmight be similar to the exotic
shock observed at Titan in the solar wind (37).
Moreover, the TOF spectrum at that time is too
similar to measurements in the interplanetary
medium (compare to Fig. 3) to make this sce-
nario likely. Another hypothesis is that the inten-
sity enhancements result from the flow being
deflected closer to the PEPSSI field of view, and
that the fine structure reflects rapid changes
associated with the flow being turbulent about
this mean deflection. This interpretation has the
virtue of simultaneously explaining the similarity
of the spectra and difference in the direction rel-
ative to the Sun, as well as the position of the
enhancement relative to Pluto.
From at least 12:15 to 14:42 UTC (to at least

100 RP downstream; compare with Fig. 3), New
Horizons was in a region very different from that
observed in the interplanetary medium, which
we assume to be a wake downstream of Pluto.
Although PEPSSI was in its nominal attitude fa-
vorable for measuring pick-up ions, the inten-
sities at TOFs equivalent to ~1 to 4 keV/amu
were ~10 times lower than in the surrounding
interplanetary medium. We note that the inten-
sity but not the spectral shape appear to be chang-
ing over time. The color scale along the trajectory
curve in Fig. 5 shows a gradual increase in count
rate during this period as the spacecraft departs
from Pluto. It is the distance from Pluto, not the
distance away from the Sun-Pluto line, that or-
ganizes the intensification trend. The TOF obser-
vations show a break in the energy spectrum, at
an energy similar to comparable instances in the
interplanetary medium.
The ion intensity throughout the wake exhib-

its 20-min quasi-periodic enhancements super-
posed on the overall trend. These might be a
result of turbulent flow within the wake, similar
to the possible deflected flow interpretation of

observations closer to Pluto, but the scale is much
larger in the wake. Two of these enhancements
are broader, with sharp peaks in their center, and
coincide with New Horizons passing the geo-
metric wakes of Pluto and Charon. Figures 3 and
5 show these enhancements at 12:50 UTC, when
New Horizons was 44 RP downstream of Pluto,
and at 14:17 UTC, when it was 97 RP downstream
of Charon. These enhancements are reminiscent
of measurements at 12 to 25 lunar radii down-
stream of Earth’s Moon, immersed in the solar
wind andmagnetosheath (38). At theMoon, there
is a density enhancement on the central axis of
the wake where protons refilling the wake paral-
lel and antiparallel to the magnetic field merge
together.
PEPSSI data reveal an interaction between

Pluto and the solar wind, with a scale of at least
11 RP on the flank of Pluto and extending at least
84 RP downstream in the solar wind when the
spacecraft attitude changed to an unfavorable or-
ientation for PEPSSI observations before com-
pletely exiting the Pluto interaction region.

Dust measurements at Pluto
The SDC

The SDC is an impact dust detector onboard
the New Horizons spacecraft. SDC measures the
mass of dust grains in the range of 10−12 < m <
10−9 g, covering an approximate size range of
0.5 to 10 mm in particle radius (5). Since April
2006, SDC has been taking near-continuous mea-
surements across the solar system (39, 40) and
has already provided estimates for the dust pro-
duction rate and initial size distribution of dust
in the Edgeworth-Kuiper belt (41, 42). SDC is the
first dedicated dust instrument to reach be-
yond 18 AU.
To optimize its observations during the Pluto

encounter, New Horizons executed a complicated
sequence of attitude changes by firing its thrusters.
To avoid recording excessive noise during the
encounter, on 1 January 2015 we set our charge
threshold to Q ~ 107 e (where e is the electron
charge), corresponding to a smallest detectable
particle radius of 1.4 mm. This charge threshold is
above the level of the majority of SDC-recorded
thruster events throughout the mission. The
thresholds were reset to their pre-encounter
values on DOY 211 in 2015.

Dust measurements during
the encounter

A period of ±5 days centered on New Horizons’s
closest approach, corresponding to approximately
±5000 RP, is used to calculate the dust density
distribution of the Pluto system. SDC recorded a
total of 102 events in this time period. Through-
out the mission, due to the expected low dust
fluxes, coincident events between multiple chan-
nels or events coincident with thruster firings
were identified as noise events for both the ex-
posed and the reference detectors. Figure 6
shows all of the recorded events throughout
the encounter.
After identifying the coincident events as noise,

16 events remained as candidate dust hits. None

of these events occurred on the two reference
detectors. New Horizons passed through the
Pluto system with a speed of vs/c ~ 14 km/s rel-
ative to Pluto. Dust grains in the Pluto system are
expected to have speeds <<vs/c; hence, to a good
approximation, vs/c becomes the impact speed.
Due to the sequence of observations executed by
New Horizons, the orientation of the spacecraft
changed almost continuously during the en-
counter, pointing SDC only intermittently in
the ram direction. Because of the impact angle
dependence of SDC’s sensitivity, the detection
probability of dust particles with impact angles
>45° approaches 0, and these events are also
identified as noise. Throughout the entire period
of the close encounter, SDC recorded only a sin-
gle large amplitude event that could be attribut-
able to a dust impact. To assess to probability
that this event was not noise, we examined the
amplitudedistribution of the recordednoise events
and estimated that the detection is outside the
2s error of the average amplitude of the noise
events. Hence, the probability that this event is a
dust particle is ~95%.We use this single detection
as an upper limit to estimate the dust density
near Pluto (see supplementary materials), indi-
cating that the density ismost likely 1.2 km–3 and
the 90% confidence level for the density is in the
range of 0.6 < n < 4.6 km–3

.

Figure 7 compares this density estimate with
dust measurements in the outer solar system,
indicating that the dust density of particles with
radii >1.4 mm remained within a 1s error of our
last data point representing the SDC measure-
ments since 1 January 2015.
The plasma wave instruments on Voyager

1 and 2 also showed a roughly flat dust density
of ~0.2 km–3, though in that case the size of the
detected particles remained poorly determined
(43). This match can now be used to estimate
that the Voyager dust detection threshold is
similar to that of SDC during the Pluto flyby.
The dust density distribution perhaps indi-

cates a slight increase with distance. This could
be the result of the inner edge of the Kuiper belt
dust disk extending inward and engulfing the
outer solar system. Alternatively, the dust density
increase could be local to the Pluto system. As
SDC will map the dust density distribution for
years to come, we will learn how the trend con-
tinues deep into the Kuiper belt.

Discussion
The obstacle Pluto presents to the
solar wind

Pluto presents an unusual obstacle to the solar
wind, and any theory that seeks to explain it has
to account simultaneously for a challenging
range of observations provided by New Hori-
zons. In particular, the SWAP observations of
limited (<1%) slowing of the solar wind at ~20RP

upstream of Pluto (point A in Fig. 1) suggest
that very few atmospheric molecules are escap-
ing, becoming ionized, and mass-loading the
solar wind. When the spacecraft was 8.8 RP

tailward and at a transverse distance of 9.6 RP

from Pluto (point B in Fig. 1), the solar wind
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had slowed by ~20%. At this time, PEPSSI de-
tected an enhancement of ions with energies in
the kilo–electron volt range. Although there is no
current consensus on the nature of the inter-
action boundary, we can still estimate its size.
We can make a zero-order calculation of the size
of the Pluto obstacle to the solar wind by as-
suming the same transverse distance applies at
Pluto’s terminator andmultiplying by two-thirds
(on the basis of experience at terrestrial planets)
to get a very approximate distance of ~6 RP for
the 20% slowing location directly upstream of
Pluto. This distance is about twice as large (scaled
to the planet) as the maximum observed bow
shock distance in the terminator plane for Mars
and Venus (44). The interaction at Pluto is there-
fore consistent with a Mars-like interaction, given
the current uncertainties in its bow shock location.
The solar wind interaction with Pluto’s atmo-

sphere is expected to depend on (i) the solar
wind flux at Pluto, which varies by a factor of 10
on time scales of a few days and by 1/a2 with
Pluto’s heliocentric distance a; (ii) the escape
rate of Pluto’s neutral atmosphere; and (iii) the
ionization rate of Pluto’s atmosphere, which,
for both photoionization and charge-exchange,
also varies by 1/a2. The enhanced solar wind pres-
sure (due to recent passage of a interplanetary
compression region) at the time of the Pluto
encounter suggests that the interaction region
was in a compressed state at the time of the New
Horizons flyby.
If the obstacle is mass-loading the solar wind

via ionization of an escaping atmosphere, then
we would expect the size of the obstacle to be in-
versely proportional to the upstream solar wind
momentum flux. Comparing the observed solar
wind flux with typical Voyager 2 values (Table 1),
the factor of ~4 enhancement at the time of the
New Horizons flyby suggests that more typical
size range for the obstacle (for the same atmo-
spheric escape rate) would be ~25 RP.
On the other hand, if the solar wind does not

suffer substantial mass loading due to ionization
of an escaping neutral atmosphere well upstream
of the object, the solar windwill be slowed by ion
pick-up (and subsequent mass-loading) in the
outer atmosphere and diverted by electrical cur-
rents induced in Pluto’s ionosphere. The size of
such an interaction, similar in nature to Mars
and Venus, is set by the altitude of the peak ion-
ospheric electron density and how sharply the
atmospheric density drops with altitude. This
Mars-type interaction of the solar wind with an
exosphere or ionosphere would be less compres-
sible and would fluctuate less in size with solar
wind flux.
Whereas the small size of the interaction re-

gion relative to the Pluto is reminiscent of Mars
and Venus, recent observations of the solar wind
interaction with the relatively weakly outgassing
comet 67P Churyumov-Gerasimenko by instru-
ments on ESA’s Rosetta spacecraft (45–47) show
deflection of the solar wind with a relatively mod-
est decrease in speed. We anticipate productive
discussions of the relative roles of atmospheric
escape rate, solar wind flux, and IMF strength at

Mars, comet 67P, and Pluto as the data from the
MAVEN (Mars Atmosphere and Volatile Evolu-
tion), Rosetta, and New Horizons spacecraft are
further analyzed.

Atmospheric escape

Pluto’s atmosphere was first detected in 1988
during stellar occultation (48) and was later de-
termined to be primarily composed of N2 with
minor abundances of CH4 and CO, with surface
pressures of ~17 mbar (49, 50). Pluto’s low gravity
implies that a large flux of atmospheric neutrals
can escape. Estimates of escape rates range from
as low as 1.5 × 1025 molecules s–1 to as high as 2 ×
1028 molecules s–1. Themost recent (pre–NewHor-
izons) atmospheric model (23) indicates a denser
and more expanded atmosphere with an escape
rate of ~3.5 × 1027 N2 molecules s–1 and an exo-
base at 8 RP ~ 9600 km. These are the conditions
that were anticipated on arrival at Pluto.
The New Horizons trajectory was designed to

provide solar and Earth occultations of Pluto’s
atmosphere by the ultraviolet spectrometer (Alice)
andRadio Science Experiment (REX) instruments,
respectively (51, 52). These occultation measure-
ments revealed Pluto’s upper atmosphere to be
colder and less extended than predicted (2).
Matching the Zhu et al. (8, 23) model to the New
Horizons data suggests a cooler upper atmosphere,
composed primarily ofmethane (rather than nitro-
gen), with an exobase height of 2.5 RP and an
escape rate of only 6 × 1025 molecules s–1. This
limited atmospheric escape drastically reduces the
neutral material upstream of Pluto available for
ionization and mass-loading the solar wind.

Ionosphere

NewHorizonsdidnotmake adirectmeasurement
of Pluto’s ionosphere. Adapting a pre-encounter
model of the atmosphere to the density, temper-
ature, and composition measurements from New
Horizons (2), we find a peak electron density of
≤1300 cm–3 at a distance of 1900 km= 1.6RP. The
density drops above this peak with a scale height
of ~330 km. The main ions are H2CN

+ (mass =
28 amu) andC2H5

+ (mass = 29 amu). Preliminary
estimates of the electrical conductivity of such an
ionosphere suggest that it is sufficient to sustain
currents that would divert the solar wind.

Bow shock

Inmodeling interactions (cometary orMars-like)
it is often assumed that the planet’s atmosphere
and ionosphere and the solar wind can be con-
sidered as fluids. For many solar system bodies,
fluid descriptions of a plasma-obstacle interac-
tion are often good starting points. Global-scale
magnetohydrodynamic (MHD)models have been
successful in capturing the basic structure ofmany
plasma interactions. The fast, cold flow of the so-
lar wind in the heliosphere is highly supersonic
(Table 1). We illustrate the shape of a Mach 40
shock in Fig. 1 to show how bent such a shock
could be behind Pluto. We also show a lowMach
number shock to illustrate how including a high
density of IPUIs and/or substantial upstream
ionization of plutogenic PPUIs would move the

shock farther upstream and reduce the shock
angle.
With the IMF being very weak at Pluto’s or-

bital distance, the length scales on which the
plasma reacts are large comparedwith the size of
the interaction region. For instance, at 33 AU the
gyroradius of solar wind protons is ~23 RP and
the pick-up ion gyroradius of CH4

+ ions is ~200
to 800 RP (7, 9).
There is no direct evidence of a sharp bow

shock in Figs. 2 and 3. This may be because the
spacecraft attitude was unfavorable during the
passage of the shock (see the gray shading in Fig.
2 and the large angles in Fig. 3) so that it could
not be observed well. However, it is important to
consider the expected shock thickness. Two thick-
nesses that have been used in the past are the
proton “turn-around” distance and the ion iner-
tial length. For relatively strong magnetic fields,
the turn-around distance is approximated by
VSW/Wci (whereWci is gyrofrequency), which is pro-
portional toVSW/B (53).HighMachnumber shocks
observed by Voyager at Uranus (54) andNeptune
(55), as well as by Cassini at Titan (37), indicate
that this is a reasonable approximation, with ob-
served shock widths being ~30 to 70% of this
quantity calculated from upstream conditions.
For the observed upstream solar wind speed and
|B| of 0.3 nT, we obtain ~50 RP for a solar wind
proton turn-around distance. Perhaps a better
scaling for the weak IMF conditions and small
obstacle size at Pluto—for which the interaction
may be mediated by whistler waves rather than
shock-forming MHD modes—is the ion inertial
length (53). Again using the measured upstream
density of ~0.025 cm–3, we get an ion inertial length
of ~1.2 RP. Because the derived 20% slowing in-
teraction distance of ~6 RP is intermediate be-
tween the scaled turn-around and ion inertial
lengths, we conclude that an ionospheric obsta-
cle could produce the derived dayside size scale
of the solar wind slowing ahead of Pluto.

Conclusions

Pluto continues to deliver surprises. The New
Horizons instruments that measure plasma and
particles revealed an interaction region unlike
any other body in the solar system and consid-
erably smaller than predicted. This reduced in-
teraction region is possibly due to the combination
of a much-smaller-than-expected atmospheric es-
cape rate, as indicated by the New Horizons
atmospheric measurements (2), and the flyby
occurring during a time of particularly high solar
wind flux.
1) Observations indicated enhanced upstream

solar wind flux detected by the SWAP instru-
ment. The lack of any slowing until New Hori-
zons was within 20 RP indicates that almost no
heavy ions were ionized within the several thou-
sand RP upstream of Pluto. The SWAP data re-
vealed a surprisingly small interaction region,
confined on its upwind side to within ~6 RP of
Pluto. The interaction persists to a distance of
more than 400 RP behind Pluto.
2) PEPSSI has not detected evidence of pluto-

genic pick-up ions or energetic electrons in its
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energy range within 500 RP of Pluto, but the
interplanetary energetic particle intensities are
considerably perturbedby the interaction. Changes
in PEPSSI measurements near Pluto’s termina-
tor suggest that <10-keV ions are accelerated
and/or deflected away from the direction radially
from the Sun. PEPSSI observed decreased supra-
thermal particles in the wake of the interaction
region. The particle intensities near Pluto de-
creased by a factor of ~10 below the heliospheric
value and increased with distance downstream.
3) During the encounter, SDC could detect

grainswith aneffective radius greater than~1.4mm.
Eliminating spurious events, such as thruster fir-
ings (leading to events that are not dust impacts),
SDC detected one candidate impact in ±5 days
around closest approach. In this time period, the
effective volume carved out by SDCwas 0.83 km–3,
leading to a dust density estimate of 1.2 km–3, with
a 90% confidence level range of 0.6 <n< 4.6 km–3.
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INTRODUCTION: The Kuiper Belt hosts a
swarm of distant, icy objects ranging in size
from small, primordial planetesimals to much
larger, highly evolved objects, representing a
whole new class of previously unexplored cryo-
genic worlds. Pluto, the largest among them,
alongwith its systemof five satellites, has been
revealed by NASA’s New Horizons spacecraft
flight through the system in July 2015, nearly a
decade after its launch.

RATIONALE: Landforms expressed on the sur-
face of a world are the product of the available
materials and of the action of the suite of pro-
cesses that are enabled by the local physical and
chemical conditions. They provide observable
clues about what processes have been at work

over the course of time, the understanding of
which is a prerequisite to reconstructing the
world’s history. Materials known to exist at
Pluto’s surface from ground-based spectroscopic
observations include highly volatile cryogenic
ices of N2 and CO, along with somewhat less
volatile CH4 ice, as well as H2O and C2H6 ices
andmore complex tholins that are inert at Pluto
surface temperatures. Ices of H2O and NH3 are
inert components known to exist on Pluto’s large
satelliteCharon.NewHorizons’Ralph instrument
was designed to map colors and compositions
in thePluto system. It consists of a charge-coupled
device camera with four color filters spanning
wavelengths from 400 to 970 nm plus a near-
infrared imaging spectrometer covering wave-
lengths from 1.25 to 2.5 mm, where the various

cryogenic ices are distinguishable via their
characteristic vibrational absorption features.

RESULTS: New Horizons made its closest ap-
proach to the system on 14 July 2015. Observa-
tions of Pluto and Charon obtained that day
reveal regionally diverse colors and compositions.
On Pluto, the color images show nonvolatile
tholins coating anancient, heavily cratered equa-
torial belt. A smooth, thousand-kilometer plain
must be able to refresh its surface rapidly enough

to erase all impact craters.
Infrared observations of
this region show volatile
ices including N2 and CO.
H2O ice is not detected
there, but it does appear in
neighboring regions. CH4

ice appears on crater rims andmountain ridges
at low latitudes and is abundant at Pluto’s high
northern latitudes. Pluto’s regional albedo con-
trasts are among the most extreme for solar
systemobjects. Pluto’s largemoonCharonoffers
its own surprises. Its H2O ice–rich surface is un-
like other outer solar system icy satellites in
exhibiting distinctly reddish tholin coloration
around its northern pole as well as a few high-
ly localized patches rich in NH3 ice.

CONCLUSION: Pluto exhibits evidence for a
variety of processes that act to modify its sur-
face over time scales ranging from seasonal to
geological. Much of this activity is enabled by
the existence of volatile ices such as N2 and CO
that are easily mobilized even at the extremely
low temperatures prevalent on Pluto’s surface,

around 40 K. These ices sublimate and
condense on seasonal time scales and
flow glacially. As they move about
Pluto’s surface environment, they inter-
act with materials such as H2O ice that
are sufficiently rigid to support rugged
topography.AlthoughPluto’sdurableH2O
ice is probably not active on its own, it
appears to be sculpted in a variety of
ways through the action of volatile ices
of N2 and CO. CH4 ice plays a distinct
role of its own, enabled by its interme-
diate volatility. CH4 ice condenses at high
altitudes and on the winter hemisphere,
contributing to the construction of some
of Pluto’s more unusual and distinctive
landforms. The latitudinal distributionof
Charon’s polar reddening suggests a ther-
mally controlled production process, and
the existence of highly localized patches
rich in NH3 ice on its surface implies
relatively recent emplacement.▪
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Enhanced color view of Pluto’s surface diversity.This mosaic was created by merging Multispectral Visible
Imaging Camera color imagery (650 m per pixel) with Long Range Reconnaissance Imager panchromatic
imagery (230 m per pixel). At lower right, ancient, heavily cratered terrain is coated with dark, reddish
tholins. At upper right, volatile ices filling the informally named Sputnik Planum have modified the surface,
creating a chaos-like array of blocky mountains. Volatile ice occupies a few nearby deep craters, and in
some areas the volatile ice is pocked with arrays of small sublimation pits. At left, and across the bottom of
the scene, gray-white CH4 ice deposits modify tectonic ridges, the rims of craters, and north-facing slopes.
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The New Horizons spacecraft mapped colors and infrared spectra across the encounter
hemispheres of Pluto and Charon.The volatile methane, carbon monoxide, and nitrogen ices
that dominate Pluto’s surface have complicated spatial distributions resulting from
sublimation, condensation, and glacial flow acting over seasonal and geological time scales.
Pluto’s water ice “bedrock” was also mapped, with isolated outcrops occurring in a variety of
settings. Pluto’s surface exhibits complex regional color diversity associated with its distinct
provinces. Charon’s color pattern is simpler, dominated by neutral low latitudes and a reddish
northern polar region. Charon’s near-infrared spectra reveal highly localized areas with strong
ammonia absorption tied to small craters with relatively fresh-appearing impact ejecta.

N
ASA’s New Horizons probe explored the
Pluto system in July 2015, returning data
from instruments sensitive to electromag-
netic radiation from ultraviolet through
radio wavelengths, as well as to charged

particles and dust (1, 2). Since the publication
of initial results (3), more data have been trans-
mitted to Earth. This paper focuses on the spec-
tral and spatial dependence of sunlight reflected
from Pluto and Charon in the wavelength range
400 to 2500 nm. These wavelengths are useful
for investigating the cryogenic ices prevalent on

their surfaces. We restrict our attention to the en-
counter hemispheres of both bodies because data
for the non-encounter hemispheres are as yet in-
complete and have lower spatial resolution. Ac-
companying papers in this issue present results
on geology (4), atmospheres (5), the particle en-
vironment (6), and small satellites (7).

Instrument overview

Data in this paperwere chiefly obtainedwithNew
Horizons’ Ralph instrument (8). Ralph consists
of a single f/8.7 telescopewith a 658-mmeffective

focal length that feeds light to two focal planes:
(i) theMultispectralVisible ImagingCamera (MVIC),
a visible/near-infrared (NIR) panchromatic and
color imager, and (ii) the Linear Etalon Imaging
Spectral Array (LEISA), a short-wavelength IR hy-
perspectral imager. A dichroic beamsplitter trans-
mits IR wavelengths longer than 1.1 mm to LEISA
and reflects shorter wavelengths to MVIC.
MVIC is composed of seven independent charge-

coupled device (CCD) arrays on a single substrate.
Six large-format (5024 × 32 pixel) CCD arrays op-
erate in time delay integration (TDI) mode, pro-
viding twopanchromatic (400 to 975nm) channels
and four color channels: BLUE (400 to 550 nm),
RED (540 to 700 nm), NIR (780 to 975 nm), and
narrow-band methane (“CH4,” 860 to 910 nm;
the 4 in the filter name is full-size to distinguish
it from the chemical formula). Using TDI allows
very-large-format images to be obtained as the
spacecraft scans the field of view (FOV) rapidly
across the scene. A singleMVIC pixel is 20 mrad ×
20 mrad, resulting in a total FOV of 5.7° in the di-
rection orthogonal to the scan. This width is well
matched to the size of Pluto as seen from New
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Fig. 1. LEISA maps of Pluto’s volatile ices CH4,
N2, andCO. For each species, the top panel shows
the LEISA map, with brighter colors corresponding
to greater absorption; the bottom panel shows
the same data overlaid on a basemapmade from
LORRI images reprojected to the geometry of the
LEISA observation. (A) The CH4 absorption map
shows the equivalent width of the 1.3- to 1.4-mm
band complex. (B) The N2 absorption map is a ra-
tio of the average over the band center (2.14 to
2.16 mm) to that of adjacent wavelengths (2.12 to
2.14 mm and 2.16 to 2.18 mm). (C) The CO absorp-
tion map is a ratio of the average over the band
center (1.56 to 1.58 mm) to that of adjacent wave-
lengths (1.55 to 1.56 mm and 1.58 to 1.59 mm).
Latitude and longitude grids at 30° intervals [shown
in (C)] apply to all maps.



Horizons near closest approach. The seventh CCD
is a 5024 × 128 element frame transfer panchro-
matic array operated in staring mode, with a
FOV of 5.7° × 0.15°.
LEISA produces spectral maps in the compo-

sitionally important 1.25- to 2.5-mm IR spectral
region by imaging a scene through a wedged
etalon filter (9) mounted above a 256 × 256 pixel
mercury cadmium telluride (HgCdTe) detector ar-
ray with 62 mrad × 62 mrad pixels. LEISA forms a
spectral map by scanning the 0.91° × 0.91° FOV
across the scene in a push-broom fashion. The
filter was fabricated such that the wavelength
varies along the scan direction. It has two seg-
ments: (i) 1.25 to 2.5 mmwith an average spectral
resolving power of 240, and (ii) 2.1 to 2.25 mm
with an average spectral resolving power of 560.
Supporting observations were obtained with

the Long Range Reconnaissance Imager (LORRI)
(10). LORRI’s 1024 × 1024 pixel CCD detector has
no filter, providing panchromatic response from
350- to 850-nmwavelengths, with a 608-nm pivot
wavelength [a measure of effective wavelength
independent of the source spectrum (11)]. It pro-
vides a narrow FOV (0.29°) and high spatial res-
olution (4.95-mradpixels). In this paper, the LORRI
images are used to provide high-resolution geo-
logical context imagery and to derive the abso-
lute reflectance of the surface.

Pluto

New Horizons scanned the LEISA imaging spec-
trometer across the planet several times on the
closest approach date, 14 July 2015. We present
two LEISA scans, obtained at 9:33 and 9:48 UTC
from ranges of 114,000 km and 102,000 km (12).
The resulting spatial scales are 7 km per pixel
and 6 km per pixel, respectively. In combination,
the two observations cover the visible disk of
Pluto. The data are used to map absorption by
various molecules across Pluto’s surface, includ-
ing methane (CH4), nitrogen (N2), carbon mon-
oxide (CO), and water (H2O) ices, revealing that
these ices have complex and distinct spatial dis-
tributions as described below.

Pluto’s volatile ices

N2, CO, and CH4 ices are all volatile at Pluto’s
surface temperatures of 35 to 50 K (13, 14). They
support Pluto’s atmosphere via vapor pressure
equilibrium and participate in Pluto’s seasonal
cycles (15). Of the three, N2 has the highest vapor
pressure and thus dominates the lower atmo-
sphere, while CH4 is the least volatile, with a va-
por pressure one-thousandth that of N2 (13). N2,
CO, and CH4 ices are all soluble in one another to
varying degrees, so on Pluto’s surface, the three
ices are likely mixed to some extent at the mo-
lecular level (16–18). The volatility contrasts and
complex thermodynamic behaviors of ice mix-
tures are expected to produce distinct spatial dis-
tributions of these ices across Pluto’s surface as
functions of season, heliocentric distance, latitude,
altitude, local slope, substrate albedo, and thermal
properties. TheLEISAdata reveal complexdistribu-
tions of the volatile ices (Fig. 1). Brighter colors
correspond to greater absorption by each ice, but

the scale is arbitrary, so only relative variations
are meaningful in this context. The geological
context is shown by overlaying each colored ab-
sorption map on the higher-resolution LORRI
base map (4) in the bottom part of each panel.
CH4 ice’s numerous absorption bands dom-

inate Pluto’s NIR spectrum. Figure 1A shows
absorption by CH4 ice at 1.3 to 1.4 mm to be widely
distributed across the planet’s surface. The CH4

absorption is especially strong in the bright, heart-
shaped region informally known (19) as Tombaugh
Regio (TR), in Tartarus Dorsa to the east, in the
high northern latitudes of Lowell Regio, and in
the sliver of the southern winter hemisphere vis-
ible south of Cthulhu Regio. CH4 absorption ap-
pears relatively uniform across the 1000-km-wide
icy plain of Sputnik Planum (SP), thewestern half
of TR. At northernmid-latitudes, the CH4 distribu-
tion ismuchmore patchy, evidently influenced by
topographic features (see fig. S4). Many craters
show strong CH4 absorption on their rims but
not on their floors, although there is some vari-
ability to this pattern. Figure 1A shows the floors
of Burney and Kowal craters having some CH4

absorption, whereas those of Giclas and Drake
craters look more depleted (see also fig. S4). In
eastern TR, the region around Pulfrich crater has
conspicuously little CH4 absorption. Other areas
with weak CH4 absorption include parts of al-
Idrisi and Baré Montes west of SP and the low-
albedo equatorial regionsCthulhuRegio andKrun
Macula, although a few crater rims and the peaks
of a mountainous ridge within Cthulhu Regio do
show strong CH4 absorption.
N2 icewas first identified onPluto from itsweak

absorption band at 2.15 mm (20). The absorption
coefficient of this band is less than that of CH4 at
similar wavelengths by a factor of ~105, so the
fact that it could be detected at all suggests that
N2 could be the dominant ice on the surface of
the planet. Figure 1B shows a map of N2 ice ab-
sorption from LEISA data. Relatively little absorp-
tion is seen at low latitudes, except for SP, where
N2 absorption is strong. As with the CH4 absorp-
tion, N2 absorption is patchy in northern mid-
latitudes, but the spatial distribution is quite distinct
from that of CH4. N2 absorption appears strongest
on many crater floors, notably those of Burney,
Safronov, Kowal, and Drake craters, consistent
with topographic control (Fig. 1B and fig. S4).
Little N2 absorption is seen in Lowell Regio, pos-
sibly related to seasonal sublimation because high
northern latitudes have been exposed to continuous
sunlight since the late 1980s (21). However, substan-
tial path lengths are required to produce observable
N2 absorption [e.g., (20, 22)], so lack of absorption
does not necessarily exclude its presence. A texture
that produces short optical path lengths through
the N2 ice could also make it undetectable.
CO ice has absorption bands at 1.58 and 2.35 mm

(20, 22). Because the 2.35-mm CO band is entan-
gledwithadjacent strongCH4bands,weconstructed
a CO map using the more isolated 1.58-mm band.
This band is very narrow and shallow, producing
a noisy map; to help overcome the noise, it was
spatially binned to 24 km × 24 km pixels. The
most salient feature in the CO map (Fig. 1C) is

greater absorption in SP, most prominently to
the south of ~40°N latitude.
SP stands out as the one region of Pluto’s en-

counter hemisphere where all three volatile ices
coexist. This region has been interpreted as a cold
trap where volatile ices have accumulated in a
topographic low, possibly originating as an im-
pact basin (4). The uncratered and therefore
young surface of SP is apparently refreshed by
glacial flow of volatile ices, possibly driven by
convective overturning (4). The absorptions of
Pluto’s two most volatile ices, N2 and CO, are es-
pecially prominent south and east of a line run-
ning roughly fromZheng-HeMontes to the southern
part of Cousteau Rupes. The greater absorption
by N2 and CO ices in the core of SP coincides
with higher albedos and possibly elevations, per-
haps indicating the area of most active or recent
convective recycling.

Pluto’s less volatile surface materials

Water ice, heavier hydrocarbons, and other mate-
rials had long been sought on Pluto. Absorptions
of H2O and CO2 ices are readily apparent in the
spectra of Neptune’s largest moon Triton (23–25),
considered an analog for Pluto. Pluto’s stronger
CH4 absorptions frustrated the unambiguous de-
tection of H2O from Earth-based observations
[e.g., (26)]. CO2 ice’s narrow absorptions have
never been reported in remote observations of
Pluto, and New Horizons LEISA observations
have produced no unambiguous detection of ex-
posed CO2 ice.
LORRI images of Pluto showmountain ranges

bordering SP (3, 4). These mountains, some as
high as several kilometers, could not be con-
structed of the volatile ices N2, CH4, and CO and
still endure for geological time scales (27, 28).
H2O ice is the most cosmochemically abundant
durable material consistent with Pluto’s origins
and likely internal structure [e.g., (29)].
The broad nature of H2O ice absorption bands

and the plethora of strong CH4 bands make map-
ping Pluto’s H2O with simple ratios or equivalent
widths difficult. Instead, we computed the linear
correlation coefficient with an H2O ice template
spectrum (Fig. 2). The highest correlations are in
the vicinity of Pulfrich crater in east TR, and also
along Virgil Fossa. In MVIC enhanced color im-
ages, the water-rich region in Virgil Fossa appears
distinctly reddish-orange in color (see below). High
H2O spectral correlations are seen in several re-
gions in Viking Terra and Baré Montes, with sim-
ilarly reddish-orange coloration in the enhanced
MVIC color images. In contrast, the H2O-rich re-
gion around Pulfrich crater looks more neutral
in the color images. Other montes including
al-Idrisi, Hillary, and Zheng-He have lower cor-
relation values, but when their spectra are com-
pared with more CH4-dominated spectra such
as “a” and “e,” they show clear evidence for water
ice via enhanced absorption at 1.5 and 2.0 mm
(Fig. 3 and fig. S5). Localized H2O-rich regions
in these areas tend to correspond to valleys be-
tween individualmountain peaks or topographic
lows, as in the core of al-Idrisi Montes, rather
than the summits of the mountains.
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CthulhuRegio shows some correlationwith the
water ice template spectrum, especially toward
the west and along the northern and southern
flanks of the regio, but Cthulhu’s H2O absorp-
tions at 1.5 and 2.0 mm are relatively shallow.

An absorption around 2.3 mm is probably indic-
ative of hydrocarbons heavier than CH4. The oc-
currence of heavier hydrocarbons in Cthulhu
Regio is consistent with ground-based observa-
tions suggesting that ethane ice absorptions are

most prominent at those longitudes (30), although
additional hydrocarbons are also likely to be con-
tributing to the absorption in that wavelength
region. A region toward the east of Cthulhu, near
the equator, shows little evidence of H2O absorp-
tion and could represent the spot richest in tholins
across Pluto’s encounter hemisphere.

Pluto colors

MVIC obtained color images of Pluto onmultiple
epochs. We present an observation obtained on
14 July 2015, 11:11 UTC, about 40 min prior to
closest approach, from a range of 35,000 km. The
resulting spatial scale was 700 m per pixel, the
best color spatial resolution returned to Earth
thus far. Figure 4A shows an “extended” color
view of this data set, inwhichMVIC’s BLUE,RED,
and NIR filter images are displayed in the blue,
green, and red channels, respectively.
Color ratios remove illumination effects and

highlight color variability, as shown in Fig. 4B.
RED/BLUE and NIR/RED ratios both vary by
more than a factor of 2 across Pluto’s encounter
hemisphere. Most of this variation is distributed
along an axis fromblue/neutral colors in the lower
left to much redder colors in the upper right, but
various clumps and deviations from this axis are
indicative of additional subtleties.
Pluto’s color diversity is further explored via

principal components analysis (PCA), projecting
brightnesses in the four MVIC filters into an
orthogonal basis set where each dimension suc-
cessively accounts for the maximum amount of
remaining variance. The first principal component
(PC1) corresponds to overall brightness across the
scene. PC1 accounts for 98.8% of the variance of
the MVIC color data, mostly due to illumination
geometry and to Pluto’s extreme albedo varia-
tions (see below). Principal components 2, 3, and
4 account for 1%, 0.12%, and 0.05% of the total
variance in the full MVIC data set, respectively.
The coherent spatial patterns seen in all three are
indicative of distinctly colored provinces across
Pluto’s surface. Shown in Fig. 4, C to F, are the
four principal component images along with the
eigenvectors; Fig. 4G combines the principal com-
ponent images, showing many distinct color units.
We used the narrow MVIC CH4 filter in con-

junction with RED and NIR filters to compute a
CH4 equivalent-width map (Fig. 5) and a color
slopemap (fig. S3; details in supplementary text).
A key distinction between this and the LEISACH4

map in Fig. 1 is that they probe two different CH4

ice bands. The 0.89-mm band targeted by the
MVIC CH4 filter has a peak absorption coef-
ficient roughly an order of magnitude below that
of the 1.3- to 1.4-mmband complex beingmapped
in Fig. 1 (31). Consequently, Fig. 5 is mapping
greater path lengths in CH4 ice, and thus areas
that are especially rich in CH4 ice and/or have
especially large particle sizes. The distribution
is broadly similar to the LEISACH4map, but there
are differences. Regions standing out for their
strong 0.89-mmband absorption include the bladed
terrain of Tartarus Dorsa and low-latitude bands
flanking Cthulhu Regio. Themuch higher spatial
resolution of the MVIC observation makes it
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Fig. 2. LEISAmap of Pluto’s nonvolatile H2O ice. Left: Map showing the correlation coefficient between
each LEISA spectrum and a template Charon-like H2O ice spectrum [e.g., (47, 49)], highlighting where H2O
absorption is least contaminated by other spectral features. Right: LEISA map superposed on the re-
projected LORRI base map.

Fig. 3. LEISA spectra of Pluto. (A) Con-
text map produced by averaging the red,
green, and blue values from each of the
colored maps across the bottom row in
Fig. 1 and the right panel in Fig. 2.
(B) Specific intensity (I/F) spectra averaged
over regions in blue boxes, with envelopes indicating the standard deviations within the boxes. These
regions were selected to highlight Pluto’s spectral diversity. Vertical offsets for spectra “a” through “f”
are +2.3, +1.7, +1.5, +1.2, +0.45, and 0, respectively. Pluto’s north pole (“a”) shows strong absorptions by
CH4 ice. Spectrum “b” is a region characterized by a strong N2 ice absorption at 2.15 mm and weak H2O
ice bands at 1.5 and 2 mm. Spectrum “c” is al-Idrisi Montes, very similar to “b” except without the N2 ab-
sorption. The area around Pulfrich crater (“d”) has H2O ice absorptions at 1.5, 1.65, and 2 mm and com-
paratively weak CH4 ice absorptions. Spectrum “e” is the center of Sputnik Planum, with strong CH4

bands, N2 ice absorption at 2.15 mm, and CO ice absorption at 1.58 mm. Spectrum “f” is eastern Cthulhu Regio,
with weak H2O ice absorptions at 1.5 and 2 mm and a feature attributed to heavier hydrocarbons at 2.3 mm.
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possible to see subtle variations in CH4 absorp-
tion within SP. The north, west, and southwest
margins of SP show stronger CH4 absorption.
In the core of SP, where absorptions of the more
volatile ices N2 and CO are more prominent,
the boundaries between the polygonal convec-
tion cells [described in (1, 4)] show less CH4

absorption.
When Pluto’s known atmospheric gases (N2,

CH4, and CO) are exposed to energetic photons
or charged particles, chemical reactions produce
more complex radicals and molecules that are
generally nonvolatile at Pluto’s surface temper-
atures (32–34). Similar photolytic and radiolytic
processing occurs in these same molecules con-
densed as ices (35, 36). Pluto’s present-day atmo-
sphere is opaque to Lyman-alpha (Ly-a) solar
ultraviolet light (21), so photochemical products
aremostly produced in the atmosphere, condense
as haze particles, and eventually settle to the sur-
face. Because in the present epoch Ly-a does not
reach the surface, ices on the surface are cur-
rently primarily affected by interstellar pickup
ions, galactic rays, and their spallation products
from their interactions with the atmosphere. Cos-

mic rays can induce chemical changes at depths
exceeding 1 m into the surface (37, 38).
Laboratory simulations of radiolysis of a Pluto

ice mixture at T ≈ 15 K (39) yield refractory
residues with colors resembling some of the
colors on Pluto. Chemical analysis of this mate-
rial shows atomic ratios N/C ≈ 0.9 and O/C ≈ 0.2,
indicating that the 1.2-keV electrons used in the
experiments dissociate theN2molecule, allowing
the N atoms to react with other atoms and mo-
lecular fragments. The residue contains urea, al-
cohols, carboxylic acids, ketones, aldehydes, amines,
and nitriles. A substantial aromatic component
is found in two-step laser desorption mass spec-
troscopy, with mass peaks throughout the range
~50 to 250 daltons.
During any putative epoch when Pluto’s atmo-

sphere collapses, it would not shield the surface
fromultraviolet photons and solar wind particles
as it does now. Thesewould then reach the surface
and directly contribute to its chemical evolution.
The production of the colored ice residue in the lab-
oratory with low-energy electrons occurs in amatter
of hours with an electron fluence of ~1017/mm2.
Charged particles and scattered Ly-a can arrive

from all directions, so in the absence of an atmo-
sphere, coloration could arise as quickly as a few
years, even on unilluminated surface regions,much
faster than the ~40,000-year time scale for tholin
haze deposition from Pluto’s atmosphere (5).

Pluto albedos

Four major global albedo units are evident in
New Horizons Pluto images: low-albedo equato-
rial regions exemplified byCthulhuRegio andKrun
Macula, the northern summer polar region Lowell
Regio, a sliver of southern winter hemisphere,
and the high-albedo TR. TR’s albedo is similar to
that of Triton (40). Pluto’s dark equatorial regions
have albedos similar to some outer solar system
moons that are rich in carbonaceous or organic
material, such as the saturnian moons Hyperion
and Phoebe and the uranian moon Umbriel, al-
though they are not as dark as the low-albedo
hemisphere of Iapetus (41).
In planetary surface images, intensity differ-

ences are mostly due to illumination and observ-
ing geometry. A photometric function is needed
to obtain quantitative measurements of normal
albedo (brightness for incident, emission, and
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Fig. 4. MVIC colors of Pluto. (A) “Enhanced” color with MVIC’s BLUE, RED, and NIR filter images displayed in blue, green, and red color channels, respectively.
Geometry is indicated by the wire grid. (B) Distribution of NIR/RED and RED/BLUE color ratios, excluding regions where the incidence angle from the Sun or the
emission angle to the spacecraft exceeds 70° from the zenith.The Sun symbol indicates neutral colors; redder colors extend up and to the right. (C to F) Principal
component images and eigenvectors for PC1 to PC4, respectively. (G) False-color view with shading from PC1 and the hue set by PC2, PC3, and PC4 displayed in
red, green, and blue channels, respectively.
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solar phase angles all equal to 0°). Figure 6A is
a global map of normal albedo from LORRI im-
ages, using a photometric function in which 30%
of the reflectedphotons obey Lambertian scatter-
ing while the rest follow a single-scattering lunar

function (see supplementary text). This function
is similar to those found for the icy moons of
Saturn (41). We also accounted for the 0.04 mag-
nitude opposition surge shown in Fig. 6C for
phase angles below 0.10° (42, 43).

This albedo map illustrates the quantitative
differences in albedo for regions characterized
by the distinct combinations of volatile ices and
colors seen in the preceding figures. Albedo and
composition can interact in complex ways: High-
albedo regions that absorb less sunlight tend to
become sites of volatile ice deposition, whereas
low-albedo regions can absorb much more sun-
light, driving sublimation of volatiles and reach-
ing higher temperatures. Deposition of volatile
ices can raise the albedos of regions if they are
configured into textures that scatter light, and
the texture of mixed volatile ices can change as a
result ofannealing, sintering, or temperaturechanges
that lead to phase transitions or fracturing.

Charon
Charon colors

Figure 7A shows the highest–spatial resolution
MVIC color observation of Charon from New
Horizons, with a spatial scale of 1.5 km per pixel.
The spacecraft recorded this scan on 14 July 2015,
10:42 UTC, about 70 min before closest approach,
from a range of 74,000 km. As previously known
from Earth-based observations, Charon’s surface
color is generally neutral (44, 45). New Horizons
data reveal a large-scale exception with Mordor
Macula, the northern polar region, being distinct-
ly red. The red coloration begins to appear north-
ward of about 45°, as measured by NIR/BLUE
and NIR/RED color ratios (Fig. 7B). In addition
to this large-scale feature, there are a variety of
local color variations. Craters and other features
complicate or interrupt the trend toward redder
coloration at high latitudes, such as Dorothy Gale
crater, which is less red than the local latitude
trend, and Vader crater, which ismore red. Lower-
latitude color variations include the ejecta of
Nasreddin crater being bluer than surrounding
terrain, and Gallifrey Macula redder. North and
south of the tectonic belt extending acrossCharon’s
encounter hemisphere, colors are similar, but
the smoother plains of Vulcan Planum show less
color diversity.
Charon MVIC color ratios (Fig. 7C) show a

simpler distribution of colors than seen on Pluto.
The bulk of the surface is spectrally neutral, with
a mixing trend toward the redder colors at high
latitudes. Principal components analysis of the
four colors corroborates this simple color distribu-
tion. As before, PC1 (Fig. 7D) maps brightness
across the scene, controlled by albedo and illumi-
nation geometry, accounting for 97.3% of the ob-
served variance. PC2 corresponds to the reddish
polar coloration (Fig. 7E), albeit inverted so the
pole looks dark. It accounts for 2.7% of the ob-
served variance, greater than for Pluto’s PC2.
Charon’s PC3 and PC4 show little coherent struc-
ture (Fig. 7, F and G), apparently responding pri-
marily to noise. They account for only 0.03% and
0.02%, respectively, of the variance—much less
than their counterparts on Pluto.

Charon spectral characteristics

NewHorizons observed Charon with LEISA from
a range of 82,000 km on 14 July 2015, 10:30 UTC,
at a spatial scale of 5 km per pixel. The data
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Fig. 5. Pluto MVIC
CH4 absorption map.
The equivalent width
of absorption in the
MVIC CH4 filter is
computed by compar-
ison with the NIR and
RED filter images (see
supplementary text for
details). This filter is
centered on a weaker
CH4 ice absorption
than the one mapped
with LEISA data in
Fig. 1. Brighter shades
correspond to stronger
CH4 ice absorption. Dif-
ferences between the
maps are discussed in
the text. Except for a
sliver of poorly illumi-
nated terrain along the
terminator, where geo-
metric effects become
extreme, most of the contrast in this map corresponds to regional variations in CH4 ice absorption.

Fig. 6. LORRI albedos on Pluto. (A) Normal albedo across Pluto from LORRI panchromatic images
sensitive to wavelengths from 350 to 850 nm (10). (B) Histogram of albedo values. (C) Decline of Pluto’s
disk-integrated brightness with phase angle, compared with the same data for a Lambertian sphere, the
icy satellite Triton, and Earth’s Moon.The Triton curve is based on Voyager green filter and ground-based
observations with an effective wavelength of 550 nm (40). The lunar curve is for a Johnson V filter wave-
length of 550 nm.The Pluto data points show LORRI brightness after correcting for light-curve variability,
relative to zero-phase data from ground-based monitoring (43) (Bessel R filter, 630 nm).
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confirm that Charon’s encounter hemisphere is
composed predominantly of water ice, as first
identified in the mid-1980s (46). Earth-based
observations had also shown that Charon’s water
ice was at least partially in the crystalline phase,
as indicated by the 1.65-mmband, and that the wa-
ter absorptionwas seen at all longitudes as Charon
rotated (47–49). LEISA observations confirm that
water ice is everywhereonCharon’s encounterhemi-
sphere, with the 1.5-, 1.65-, and 2-mmbands being
evident in all of the example spectra in Fig. 8.
Spectral observations also revealed an absorp-

tion band around 2.22 mm, attributed to ammo-
nia hydrates (47–49). Subsequent studies (50, 51)
showed that the band varies with sub-observer
longitude as Charon rotates. LEISA observations
now show that the ammonia absorption is distrib-
uted across Charon’s encounter hemisphere at a
low level, with local concentrations associated
with a fewof Charon’s bright rayed craters.Organa
crater in the northern hemisphere is the best ex-
ample. The crater is about 5 km across and is
thus not resolved by the LEISA pixels. The NH3

signature appears to be associated with the crater
plus some, but not all, of the ejecta blanket (see
Fig. 8C and fig. S6). According to laboratory
studies, ammonia ice is destroyed by ultraviolet
photons and cosmic rays (52, 53). From fluxes in
Charon’s environment (38), the time scale for ra-
diolytic destruction of Charon’sNH3was estimated
to be on the order of 107 years (50), implying that
these deposits are relatively recent.
LEISA spectra ofMordorMacula do not reveal

distinguishing spectral features coinciding with
the red coloration, apart from subtle differences
in continuum slope toward the shorter-wavelength
end of LEISA’s spectral range. The reddish col-
orant may be too thin to produce stronger feat-
ures at NIR wavelengths, or may simply lack
distinct absorption bands at LEISA wavelengths.

Discussion

Various patterns emerge from the observations.
Latitude-dependentdistributions ofmaterialswere
expected from seasonal volatile transport processes
(54), and indeed, the LEISA and MVIC data con-

firm a number of distinct latitude zones, especial-
ly in thewestern half of the encounter hemisphere.
Pluto’s equatorial latitudes feature regions that
are strikingly dark and red at visible wavelengths,
typified on the encounter hemisphere by Cthulhu
Regio andKrunMacula. These provinces aremuch
less dark at IR wavelengths, and in many areas
they showweak 1.5- and 2-mm features of H2O ice,
along with absorptions by hydrocarbons around
2.3 mm (Fig. 3). A possible scenario is that these
regions are ancient, heavily cratered landscapes
where tholins and other inert materials have ac-
cumulated over geological time scales.
Flanking the dark equatorial belt to both the

north and south are higher-albedo regions rich
in CH4 ice (Figs. 1A and 5). As the least volatile of
Pluto’s volatile ices, it should be the first to con-
dense and the last to sublimate away, consistent
with its proximity to the volatile-depletedmaculae.
The CH4 is most prominent in topographically
high regions such as ridges and crater rims, and
CH4 can even be found in a few isolated high-
altitude regions within the maculae. The bladed
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Fig. 7. MVIC colors of Charon. (A) Enhanced color, with MVIC’s BLUE, RED, and NIR filter images displayed in blue, green, and red color channels, respectively.
Geometry is indicated by the associated wire grid. (B) MVIC NIR/BLUE and NIR/RED color ratio means and standard deviations averaged over 5° latitude annuli,
excluding points near the limb with emission angles greater than 75°. (C) Scatterplot of NIR/RED and RED/BLUE color ratios, excluding incidence and emission
angles greater than 70°.Most pixels cluster near solar colors,with amixing line extending toward redder colors at upper right. (D toG) Principal component images
and eigenvectors for principal components 1, 2, 3, and 4, respectively.
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terrain of Tartarus Dorsa is especially CH4-rich
(Figs. 1A and 5), and this could be the result of
many seasonal cycles of CH4 accumulation on el-
evated low-latitude regions. At northern latitudes
above ~35°N,more volatile N2 ice begins to appear,
favoring topographic lows where the surface pres-
sure is higher (Fig. 1B). Still farther north, N2 and
CO absorptions are weak in Lowell Regio (Fig. 1,
B and C), whereas CH4 absorption continues right
up to the pole (Figs. 1A and 5). This high-albedo
region has been described as a “polar cap,” al-
though the lack of prominent N2 and CO ice ab-
sorptions makes that term seem poorly suited to
describing a summer pole comparatively depleted
in Pluto’s more volatile ices.
This latitude-dependent distribution of Pluto’s

surface materials is interrupted in TR. The west-
ern half of TR is SP, a deep basin hosting a
unique, youthful surface morphology described
in detail in (4). The spectral signatures of N2,
CH4, and CO ices are all present in this region,
with the absorptions of the more volatile N2 and
CO ices being especially prominent in the south-
eastern part of SP, below the southern limit for
latitudes experiencing the “midnight sun” during
the current epoch (21). But this pattern does not
seem to be purely governed by climatic factors,
because the boundary curves from around Zheng-
He Montes in the southwest to Columbia Colles
in the northeast. Another potential explanation

could involve bulk glacial flow of ices to the
northwest, with ablation of the more volatile N2

and CO from the surface of the flow. Alterna-
tively, the locus of most active convection could
migrate around within SP, with less active re-
gions showing less absorption by the volatile
ices. It is also possible to interpret the reduced
volatile ice absorption toward SP’s northwest
flank as being due to evolution of the surface
texture alone, with no change in bulk composi-
tion. A reduction in particle size or an increase in
scattering could account for the reduced absorp-
tion toward that flank. Eastern TR also does not
fit easily into the latitude-dependent picture de-
scribed above. There appears to be a connection
between the two halves, with glacial flow from
east TR down into SP (4), and also some shared
color features with wisps of CH4-rich material
with colors similar to east TR extending west-
ward into SP (see Fig. 4G). CH4 ice has a low
density and could perhaps be transported as a
crust on glacially flowing N2 and CO ice.
Water ice presents a number of puzzles on

Pluto. Its IR spectral signature is associated with
two very distinct shorter-wavelength color units.
H2O-rich outcrops inVirgil Fossa andVikingTerra
(Fig. 2) show a distinct, reddish color in Fig. 4A,
unlike the more neutral coloration of the H2O-
richoutcropsaroundPulfrich crater.Ruggedmoun-
tains such as Zheng-He andNorgayMontes, which

had been expected to be composed of H2O ice,
showcomparativelyweakH2O spectral signatures.
Charon presents its own mysteries. The red-

dish polar region of Mordor Macula is a unique
and striking feature not seen on other icy satel-
lites in the outer solar system. The latitudinal
dependence of its distribution suggests a mecha-
nism involving seasonal cold trapping of volatiles
such as CH4 that would not otherwise be stable
at Charon’s surface. During Charon’s longwinter,
polar latitudes remain unilluminated for multi-
ple Earth decades, during which time they can
cool to temperatures below 20 K [e.g., (55)]. Poten-
tial sources of CH4 briefly resident in Charon’s
surface environment could be outgassing from
Charon’s interior and Pluto’s escaping atmosphere,
as discussed in (5, 55). Seasonally cold-trapped
CH4 would be rapidly photolyzed by solar Ly-a
radiation, roughly half ofwhich arrives at Charon’s
surface indirectly via scattering by interplanetary
hydrogen. Resulting radicals would combine into
heavier products that are sufficiently nonvolatile
to remain after Charon’s pole emerges back into
the sunlight and warms to summer temperatures
in the 50 to 60 K range. Further photolysis and
radiolysis would lead to production of reddish
tholins, as discussedabove. Thishypothesis predicts
that Charon’s southernhemisphere should exhibit
a similar high-latitude reddish patch.
Charon’s isolated ammonia-rich areas are also

intriguing. NH3 is a potentially important geo-
chemical material in icy satellites that has here-
toforemostly eluded detection via remote sensing
techniques. A possible scenario for its appearance
in just a few of Charon’s craters is that these
impacts dredged up theNH3 frombelowCharon’s
surface too recently for it to have been destroyed
by space weathering processes. It is also possible
that NH3-rich material is delivered by a subset of
impactors, or that Charon’s subsurface is hetero-
geneous, with local subsurface concentrations
of NH3 emplaced during an earlier era of cryo-
volcanic activity being subsequently exhumed
by impacts.

Conclusions

We have presented spatially resolved visible and
near-infrared observations of the encounter hemi-
spheres of Pluto and Charon, obtained by the
New Horizons spacecraft on 14 July 2015. Data
returned so far reveal complex spatial distribu-
tions of Pluto’s CH4, N2, and CO ices as well as
the local emergence of water-ice bedrock and
broad expanses of accumulated tholins at low
latitudes. The data point to atmospheric and
geological processes having acted over a range
of time scales to create the currently observed
surface. On Charon, the presence and distribution
of localized ammonia-ice outcrops and of reddish
circumpolar material raise questions about the
exogenous and endogenous processes acting on
this large satellite.
Many of the data collected by New Horizons

have yet to be transmitted back to Earth. They
will enable us to quantitativelymap the composi-
tion, state, and texture distributions of the system’s
inventory ofmaterials in order to disentangle the
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Fig. 8. LEISA spectra of Charon. (A) LORRI composite base map. Regions where I/F spectra were
averaged for plotting in (B) are indicated by blue boxes. (B) Vertical offsets for spectra “a” through “d” are
+0.7, +0.4, +0.2, and 0, respectively. All four spectra show the characteristic absorption bands of cold,
crystalline H2O ice at 1.5, 1.65, and 2 mm. Charon’s north pole (“a”) shows a little more continuum ab-
sorption toward short wavelengths, but no other obvious differences, relative to spectra from lower
latitudes on Charon. Spectrum “b” is a region around Organa crater showing NH3 absorption at 2.22 mm.
(C) Close-up of the region indicated by the green box in (A), with 2.22-mm absorption mapped in green to
show the spatial distribution of NH3-richmaterial (fig. S6 shows the fullmap). Spectra “c” and “d”compare
plains units above and below the tectonic belt.
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history of these icy bodies and understand their
place in the broader context of the outer solar
system.
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NASA’sNewHorizons spacecraft has revealed the complex geologyof Pluto andCharon. Pluto’s
encounter hemisphere shows ongoing surface geological activity centered on a vast basin
containing a thick layer of volatile ices that appears to be involved in convection and advection,
with a crater retention age no greater than ~10 million years. Surrounding terrains show active
glacial flow, apparent transport and rotation of large buoyant water-ice crustal blocks, and
pitting, the latter likely caused by sublimation erosion and/or collapse. More enigmatic features
include tall mounds with central depressions that are conceivably cryovolcanic and ridges
with complex bladed textures. Pluto also has ancient cratered terrains up to ~4 billion years
old that are extensionally faulted and extensively mantled and perhaps eroded by glacial or
other processes. Charon does not appear to be currently active, but experienced major
extensional tectonism and resurfacing (probably cryovolcanic) nearly 4 billion years ago.
Impact crater populations on Pluto and Charon are not consistent with the steepest
impactor size-frequency distributions proposed for the Kuiper belt.

W
e present a preliminary geological exam-
ination of Pluto and Charon based on
images and other data collected by
NASA’s NewHorizons spacecraft during
its flyby of these worlds on 14 July 2015.

The two camera systems pertinent to geologi-

cal investigations are the wide-angle color Multi-
spectral Visible Imaging Camera (MVIC) and the
narrow-angle panchromatic Long Range Recon-
naissance Imager (LORRI) (1). This paper focuses
on the portions of the illuminated surfaces seen
near closest approach at better than 1 km/pixel
resolutions, centered on 180° longitude for Pluto
and 0° longitude for Charon (2, 3). All topograph-
ic measurements were obtained using stereo
photogrammetric techniques, supplemented by
preliminaryphotoclinometry and shadowand limb
measurements (4). An acronym list is provided in
the supplementary materials. All feature names
used in this paper are informal, and the locations
of named features onPluto andCharon are shown
in figs. S1 and S2, respectively; terrain locations
are indicated in fig. S3.

Pluto

Pluto’s surface exhibits an astonishing variety of
landscapes (Fig. 1A). Broadly, the encounter hemi-
sphere (EH) contains several regional provinces:
(i) the ~1000-km-wide uncratered plain, Sputnik
Planum (SP), centered on the EH; (ii) arcuate,
rugged-to-mountainous regions surrounding SP
on three sides; (iii) mantled and eroded plains at
higher latitudes; and (iv) a heterogeneous surface
west of SP containing plains with various degrees

of crater density and surface texture, scarps (both
erosional and tectonic), troughs (graben), and
patches of rugged cratered terrain.

Sputnik Planum and environs

This ~870,000-km2 oval-shaped unit of high-
albedo plains, centered at ~20°N, 175°E, is likely
a massive unit of volatile ices (solid N2, CO, and
CH4) (5), the level of which is 3 to 4 km below the
surrounding uplands. The central and northern
regions of SP display a distinct cellular pattern
(5), which varies in appearance across the pla-
num. In the bright central portion (fig. S4A), the
cells are bounded by shallow troughs up to 100m
deep (5); the centers of at least some cells are
elevated by ~50 m relative to their edges, though
some apparently have less relief. The southern
region and eastern margin of SP do not display
cellularmorphology, instead showing featureless
plains and dense concentrations of pits, them-
selves reaching a few kilometers across (fig. S4D).
Details of the differentmorphologies encountered
within SP are described in the supplementary
materials.
No impact craters have been confirmed on SP

in contiguous mapping coverage at 390 m/pixel
scale. Following the arguments in (5), the crater
retention age of SP is very young (≲10 million
years old) and is discussed in the supplementary
materials. Such geologically recent resurfacing
and/or topographic relaxation is consistent with
the weak rheology of N2-dominated ices (6, 7)
and with the interpretation of cells as expressions
of potentially active solid-state convection in a
thick layer of such ices (supplementarymaterials).
A discontinuous chain of mountains, consist-

ing of discrete angular blocks with apparently
random orientations and sizes up to 40 km across
and 5 km high, extends for hundreds of kilo-
meters along the west margin of SP. Those in the
south are often separated by embayingmaterials,
whereas those in the north, particularly the
northernmost al-Idrisi Montes (AIM, Fig. 2), have
minimal separation. At AIM, blocks are closely
packed, andmanyblockshave flat or gently sloping
upper surfaces with linear textures similar to
those of some of the surrounding highland ter-
rain, suggesting breakup of a preexisting surface.
The northern interblock material has a distinc-

tive reddish color (Fig. 2A), containsmany smaller
blocks, and is slightly elevated relative to SP; sim-
ilar terrain surrounds some of the mountains to
the south. The AIM region contains two depres-
sions floored largely by this finer, interblock ma-
terial and small blocks (“c” in Fig. 2), and another
occupied by a small plain with similar texture and
color to that of SP (“e” in Fig. 2). An inward-facing
terrace surrounds this depression (“d” in Fig. 2),
suggesting anearlier, higher level of plainsmaterial.
It was argued by (5) that the steep slopes and

high elevations of the mountain blocks require a
water-ice–based composition; this has now been
confirmed spectroscopically (8). Like the angular
blocks in europan chaos, Pluto’s mountain blocks
appear to consist of fragments of preexisting ice
crust that have beendetached by fracturing, trans-
ported, and rotated. The exclusive location of this
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Fig. 1. Global, enhanced color views of Pluto and Charon,
with their relative sizes shown to scale. Filters used are
blue-red-near infrared (23). (A) Pluto’s diameter is 2374 km,
and (B) Charon’s is 1212 km (5).The spacing of the latitude
and longitude lines is 30°. Pluto image is 680 m/pixel MVIC
coverage of the P_COLOR2 observation,with a subspacecraft
position of 26.6°N, 167.6°E and a phase angle of 38.0°. Charon
image is 1460 m/pixel MVIC coverage of the C_COLOR_2
observation, with a subspacecraft position of 25.5°N, 347.5°E
and a phase angle of 38.3°. North is up for both. A number of
terrains shown in other figures are highlighted and labeled.

RESEARCH | RESEARCH ARTICLES



1286 18 MARCH 2016 • VOL 351 ISSUE 6279 sciencemag.org SCIENCE

Fig. 2.The chaotic mountains of al-Idrisi Montes on the northwest margin of SP. (A) Image is 680 m/pixel, reprojected, MVIC enhanced color coverage of
the P_COLOR2 observation, centered at 34.5°N, 155°E. The 30 by 40 km–wide inset shows a detail of one mountain in 79 m/pixel, LORRI coverage of the
P_MVIC_LORRI_CA observation. (B) Colorized digital elevationmodel (DEM) overlain on the 680m/pixel MVIC coverage. (a) Textured surface possibly predating
block formation; (b) steep fracture surface with possible exposed layering; (c) chaos composed of small blocks; (d) inward-facing terraces; (e) small exposure of
SP-like material.
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chaotic, blocky mountainous terrain on the mar-
gins of SP (fig. S3), which evidently contains a
substantial thickness of low-viscosity ices,makes
it plausible that these latter ices play a role in the
disruption of Pluto’s crust.
H2O ice is buoyant with respect to N2 and CO

ice, but not CH4 ice, and blocks of H2O ice em-
bedded or buried in solid N2 and/or COwill tend
to rise isostatically. Small blocks can be carried
along by convective or advective motions, essen-
tially as icebergs, and large blocks may be under-
mined, shifted, and rotated. If the solid N2/CO
ice is sufficiently deep, then several of the smaller
mountains may be floating within the plains, al-
though the reliefs of the largest mountains (2 to
3 km), which skirt the western margin of SP, im-
plies that their keels are likely “grounded” on the
basement (supplementarymaterials). Whymoun-
tainous terrains within SP are limited to its west-
ern margin is unknown.

Pits, blades, plains, and glaciers east
of SP

An intricate, high-albedo, 500-km-wide landscape
of pitted uplands and smooth plains, bordered by
lower-albedo bladed terrain, forms most of the
eastern portion of Tombaugh Regio (TR).
Pitted uplands: The dominant features are pits

(“a” in Fig. 3A), most of which are a few kilo-
meters across, but some exceed 25 km, locally
intersecting to form long, linear troughs. Based
upon preliminary topography, pits average ~1 km
deep. The crests of the pits define an undulating
upland surface 2 to 4 kmabove SP. In parts of the
uplands, the pitting is organized into distinct
northeast-southwest–trending ridge-and-trough
terrainwith ~5-kmcrest-to-crest spacing. The side-
walls of the pits typically slope up to 30°, suggest-
ing that rigid material underlies the thin, bright
surface layer.
Bladed terrain: The pitted uplands transition

northeastward to several broad (~100-km-wide)
swells named Tartarus Dorsa (TD), whose flanks
and crests are covered with numerous roughly
aligned blade-like ridges oriented approximately
north-south (Fig. 3B). Individual ridges are typi-
cally several hundredmeters high and are spaced
5 to 10 km crest to crest, separated by V-shaped
valleys with slopes of ~20°. Many ridgesmerge at
acute angles to form Y-shape junctions in plan
view. Along the west flank of TD are a number of
triangular-to-rectangular facets of the plains that
ramp upward toward the east.
Smooth plains: Nearly level expanses of smooth

plains up to 50 km across occur at relative low
points in the pitted uplands as well as elevated
terraces adjacent to SP (“b” in Fig. 3A). They are
generally smooth at 300 m/pixel resolution, but
locally collections of kilometer-scale hills extend
above the plains, probably as protrusions or em-
bedded fragments of the pitted terrain material.
The smoothness of the level plains suggests that
they are composed of deformable ices, probably
similar in composition to SP.
Glaciers: At a few locations along the SP–pitted

uplands boundary, smooth materials connect with
SP along the floors of troughs 1.5 to 6 km wide

(“b” in Fig. 3A). High-phase imaging of the
southernmost of these systems reveals conspic-
uous medial flow lines within the troughs extend-
ing onto SP, with the ice in the troughs sloping 2°
to 3° over more than 50 km (supplementary ma-
terials). This pattern implies glacial-like flow of
the plainsmaterial into SP, perhaps analogous to
ice streams at themargins of terrestrial ice sheets.
At present, it is unresolved whether the flowing
ice carved the troughs.
Origins of these terrains: Both the pitted up-

lands and bladed terrain may be remnants of
a formerly continuous deposit degraded either
by sublimation (forming features analogous to
those of degraded terrestrial snow or ice fields
—penitentes and sun-cups—but much larger),
or through undermining and collapse, possibly
through melting at depth. An additional possi-
bility is growth of ridges through preferential
deposition of volatiles on ridge crests, analo-
gous to pinnacle formation on Callisto (3). The
preferential orientation of troughs and ridges in
both terrains suggests an origin influenced by
solar illumination direction and/or atmospheric
circulation. In the case of the bladed terrain, if
the material forming it was exposed through
upwarping and erosion, it may have been a once-
buried layer. The high albedo of the pitted
uplands suggests condensation of volatiles sub-
limated and transported from SP (the pits that
are prevalent on south SP may form through
sublimation of N2 ice; see supplementarymateri-
als); these volatiles may accumulate to form the
smooth plains.

Upland terrains: Washboard and
dissected terrains

The uplands north andnorthwest of SP contain a
variety of morphologies, notably including ex-
panses of parallel ridges and troughs that we call
washboard terrain, and dissected terrain locally
organized into valley networks. Fretted terrain
and eroded mantles are discussed in the supple-
mentary materials.
Washboard terrain: Many expanses in this

region feature parallel ridges and grooves with a
crest-to-crest wavelength of about 1 km (Fig. 4A).
The ridges retain a consistent northeast-southwest
orientation, even where developed on the interior
floors of craters. The albedo of washboard sur-
faces matches that of nearby ungrooved terrain,
and underlying terrain features remain visible
where grooved. These observations suggest that
washboarding is a superficial modification, either
by erosion of the underlying surface or, alterna-
tively, as part of a thin regional deposit. The
grooving is superimposed on higher-relief topo-
graphic features such as ridges, craters, and dis-
sected terrain. Occasional 1- to 2-km-diameter
craters are superposed on the washboarding.
Dissected terrain: Terrains dissected by valleys

are common on the EH, including fluted, dendrit-
ic, plateau, alpine, andmountainous variants (Fig.
4B). Two of these types occur widely. Fluted ter-
rain containing troughs 15 to 20 km across with
up to 2-km relative relief that are eroded into
broad hills constitute one of these. The troughs

or flutes are regularly spaced at 3 to 4 km and are
oriented downhill with slopes up to 20°. The in-
terior walls of some craters are similarly fluted.
These troughs terminate abruptly in depressions
or crater floors without obvious evidence of dep-
osition. Similarly spaced dendritic valley networks
are another type of dissected terrain. The net-
works generally terminate in broad depressions.
Dissected terrain appears to postdate and modify
the larger upland craters. The other, less com-
mon, styles of dissection are described in the
supplementary materials.
Origins of these terrains: The mechanisms reg-

ulating the characteristic scale and groove orien-
tation of washboarding remain uncertain. In the
dissected terrain, both the fluted terrain and the
dendritic valley networks probably result from
advective processes, most likely flow of nitrogen-
rich ice, possibly accompanied by basal melting
(supplementary materials). The spatial variation
in morphology of the valley networks is likely to
be a response to local topographic setting, sub-
strate properties, latitudinal variations in insola-
tion, and variation in depths and durations of N2

ice accumulation.

Cthulhu Regio (CR)

CR is a large dark area that covers a swath from
~15°N to ~20°S (fig. S1), bordering TR at 160°E,
and stretching westward almost halfway around
the planet to 20°E. Eastern CR is not a distinct
physiographic province, but instead a region of
dark mantling thin enough to preserve underlying
topography, superimposed upon various geologi-
cal terrains, including dendritic valleys, craters, fos-
sae (long, narrow troughs), and retreating scarps.
The dark coating is likely the result of atmospheric
tholin deposition (8). CR contains striking corre-
lations between color/albedo and topography:
Brightmaterial is correlatedwith high elevations
in some areas and with north-facing slopes in
others. This may result in part from insolation-
dependent deposition of the bright material on
the dark landscape. Other western low-latitude ter-
rains are discussed in the supplementarymaterials.

Large mounds with central depressions

Southwest of Norgay Montes (figs. S1C and S3)
are two broad quasicircular mounds (Fig. 5). The
northernmost (Wright Mons, WM) is 3 to 4 km
high and ~150 km across. At its summit is a
central depression at least 5 km deep that has a
rim showing concentric fabric. The mound sur-
face has a hummocky, blocky surface texture and
is very lightly cratered. A similar but even larger
feature (Piccard Mons, PM) is seen in twilight
stereo imaging 300 km to the south. This reaches
~6 kmhigh and 225kmacross. The general shapes
of these edifices and associated structures appear
to be constructional. Their origin could involve
cryovolcanism (3), but entailing materials con-
siderably stronger than N2 ice.

Tectonics

Pluto’s EH shows numerous belts of aligned, often
arcuate, troughs and scarps that can reach sev-
eral hundred kilometers in length and several
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Fig. 3. Pitted uplands, glaciers, and bladed terrain. (A) Colorized DEM
of pitted uplands and valley glaciers east of SP, overlain on 320 m/pixel,
reprojected MVIC coverage of the P_MVIC_LORRI_CA observation, centered
at 2°N, 195.5°E. (a) Densely pitted terrain, with smooth material covering
the floors of the pits. (b) Smooth plains exhibiting glacial flow through
notches in the pitted uplands toward SP. The 60 by 50 km–wide rotated
inset enhances the contrast of the original MVIC image to emphasize flow

lines. (c) Debouchment of a valley glacier into SP, where it assumes the
lobate planform of a piedmont glacier. Possible outer flow edges are indicated
by red arrows. (B) Bladed terrain outcropping on top of several broad swells
(marked with “d”) of Tartarus Dorsa. Image is 680 m/pixel, reprojected
MVIC coverage of the P_COLOR2 observation, centered at 17.5°N, 227°E.
(e) Triangular and rectangular facets of the plains ramping upwards onto the
ridges.
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kilometers high, and which are often observed to
cut across preexisting landforms as well as branch
into one another (fig. S9 and supplementary ma-
terials). We interpret these features to be exten-
sional fractures (graben and normal faults) in
varying stages of degradation. Notable is the sin-
gle 3- to 4-km-deep V-shaped trough, Virgil Fossa
(VF, fig. S9C), which has unbroken segments of
at least 200 km and an asymmetric upward dis-
placement on the south scarp of 1 to 2 km.
Toward the trough’s eastern end, it cuts through
Elliot crater, and to thewest links with a network
of smaller, subparallel fractures. The high scarp
has an anomalously red color and is associated

with water ice (8). Other extensional fracture
systems are shown in fig. S9.
Compressional features, if present, are less

obvious. One candidate, TD (figs. S9F and 3B),
consists of several elongated swells ~200 kmwide,
traversed by at least one long, prominent exten-
sional feature (Sleipnir Fossa). TD could be due to
compressional folding, but may also be analogous
to a salt-cored anticline or arch, in which low-
density core material contributes to the arching.
The differing fault trends and states of degra-

dation suggestmultiple deformation episodes and
prolonged tectonic activity. We do not elaborate
on their origin here, but note that equatorial nor-

mal faults would not arise from despinning stres-
ses alone (9). The great length of individual faults
onPluto, their scarp steepness (>20°, from stereo),
spectral evidence (8), and the absence of localized
flank uplift strongly suggest a thick water-ice
lithosphere (as opposed to a thin water-ice litho-
sphere, or onemade of any of Pluto’s volatile ices).

Impact craters

Pluto displays a wide variety of crater sizes and
morphologies (figs. S11 and S12; supplementary
materials). Globally, recognizable crater diameters
range from ~0.5 to 250 km, not including any pos-
sible ancient basin underlying SP. Crater densities
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Fig. 4. Washboard and dissected terrains on Pluto. Locations of the ter-
rains are highlighted at upper right. (A) Washboard terrain northwest of SP.
Image is 125 m/pixel, reprojected, LORRI coverage from the P_MPAN_1
observation, centered at 38°N, 145.5°E. Blue arrows indicate washboard
texture within craters, and the red arrow indicates where washboard terrain
has modified fluted terrain. (B) The five types of dissected terrains with
informal typology discussed in the text and supplementary materials.
Fluted, dendritic, andmountainous terrain images are taken from 680m/pixel,
reprojected MVIC coverage of the P_COLOR2 observation; plateau and

alpine terrain images are taken from 320 m/pixel MVIC coverage of the
P_MVIC_LORRI_CA observation. The fluted terrain image is centered at
48.4°N, 153.4°E. Red arrows indicate incision of downslope-oriented grooves.
The image of dendritic valley networks (green arrows) is centered at
54.8°N, 186.6°E. The dissected plateaus image is centered at 22.1°S,
155.6°E. Alpine valley systems showwide, dendritic trunk valleys (yellow arrow)
that head on dissectedmountainous slopes (orange arrow); image is centered
at 5.2°S, 146.5°E. The mountainous dissection image is centered at 45.4°N,
188.9°E.
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vary widely on Pluto, from the heavily cratered
portions of CR, to SP, which has no identifiable
impact craters. The total cumulative crater size–
frequency distribution (SFD) on the EH is shown
in fig. S13A. From this, we conclude that Pluto’s
surface as a whole dates back nearly to the time of
the end of Late Heavy Bombardment (LHB), or in
the context of the Kuiper belt, the proposed era of
rearrangement of the outer solar system [perhaps
4 billion years ago; e.g., (10)]. On the EH, only the
eastern portion of CR appears to approach the

saturation crater densities (for large craters, com-
pare fig. S13B) that would be expected of a terrain
that survived from the LHB itself, when cratering
rates were likely much higher than at present. In
contrast, TD, eastern TR, the water-ice mountain
ranges, the mounds (all very lightly cratered), and
especially SP (no identified craters) are all very
young (fig. S13C).No craters have beendetected in
SP down to 2-km diameter, which is a tighter size
limit than reported previously (5) and implies a
model crater retention age of no greater than ∼10

million years, and possibly much less (11) (supple-
mentary materials).

Geologic evolution

Though complex and largely novel, landforms on
Pluto present many clues to their origin and his-
tory. The basin in which SP is located is ancient,
despite the youthfulness of its interior deposits.
Its semicircular rim of elevated mountainous ter-
rains suggests that it probably is a heavily mod-
ified impact basin. The larger visible craters in
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Fig. 5. Quasicircular mounds south of SP, both with depressions at their summits, which may have a cryovolcanic contribution. Dashed lines
mark their approximate boundaries. Image is 320 m/pixel, reprojected MVIC coverage of the P_MVIC_LORRI_CA observation. (A) Wright Mons at 22°S, 173°E.
(B) Piccard Mons at 35°S, 176°E, seen in twilight. (C) Colorized DEM overlain on the MVIC coverage of the mounds. “a” marks Wright Mons, “b” marks
Piccard Mons.
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these mountainous terrains probably postdate
this SP basin.
Except in the west, the uplands surrounding

SP have been blanketed with mantles of sub-
stantial thickness and various surface composi-
tions (8), which have been partially stripped. The
primary agents of upland modification probably
include sublimation, frost deposition, and glacial
erosion.We envision two end-member scenarios:
In one, a formerly deep ice mantle (largely N2)
covered the uplands surrounding SP but was
gradually lost to space. As ice levels dropped,
glacial ice eroded the dissected terrains and, to
the east of SP, flowed back into SP, leaving rem-
nants in smooth-floored depressions. Alterna-
tively, ices may have been cycled between SP and
its surroundings, perhaps episodically, to form the
glaciers and dissected terrains. In this case, loss to
space of volatile ices need not have occurred (12).
Nitrogen and other volatiles available to the sur-
face environmentmay also be replenished episod-
ically by sources within Pluto’s interior (13).
The darkmantles of CR and other local regions

conform to present topography, suggesting that
they postdate the erosional sculpting of the land-
scape or are actively recycled. The cellular pattern
imposed on SP ices is a relatively young feature,
given the absence of craters, and the hectometer-
scale pits and ridges on SP constitute the youngest
widespread landforms on Pluto.
The relative youth of some extensional features

is consistent with predicted recent extensional
stresses associated with a late, possibly partial
freezing of a subsurface ocean (14), though other
explanations are also possible. Various lines of
evidence, including the spectroscopic identifica-
tion of water ice along the exposedwalls of VF, as
well as the steep, chaotic mountains bordering
SP, suggest a cold, strong, water ice–based crust.

Charon

Charon’s EH (Fig. 1B) can be divided into two
broad provinces separated by an assemblage of
ridges and canyons, which span the EH fromeast
to west. North of this tectonic belt is rugged, cra-
tered terrain; south of it are smoother but geo-
logically complex plains. Thenorthernhemisphere
is capped by the dark, reddish Mordor Macula
(MM). Relief exceeding 20 km is seen in limb
profiles and stereo topography (fig. S16), and
is a testament to the bearing strength of cold
water ice and Charon’s modest surface gravity
[0.29 m s−2 (15)].

Cratered northern terrain

Charon’s northern terrain is exceptionally rugged,
and contains both a network of polygonal troughs
3 to 6 km deep, and a possibly related irregular de-
pression almost 10 km deep immediately south of
the edge ofMMnear 270°E (fig. S14). A prominent,
~230-km-diameter, 6-km-deep crater (Dorothy
Gale) at 58°N, 38°E (fig. S2) straddles the discrete
edge of MM (5). The cumulative crater distribu-
tion for Charon’s northern terrain is shown in fig.
S14A. The crater density at large sizes, for which
counts are reliable, implies a surface age older than
∼4 billion years (Gy) (supplementary materials).

The overall dark deposit of MM does not cor-
relate with any specific terrain boundary or geo-
logic unit. A prominent, arcuate ridge ~5 km high
(“a” in fig. S14) coincides with a prominent albedo
and color boundary (compare fig. S14with Fig. 1B)
and may be an impact basin rim or an extension
of the tectonic deformation seen more clearly to
the south. Other morphological indicators of an
impact origin, such as a well-defined ejecta blan-
ket or secondary craters, have not been discerned.

Ridges, troughs, and canyons

The structural belt that bisects Charon’s EH con-
sists of subparallel scarps, ridges, and troughs of
variable extent, but over 200 km wide in places
(Fig. 1B). Notable are two chasmata: (i) Serenity
Chasma, which is >50 km wide and ~5 km deep,
and exhibits a pronounced rift-flank uplift; and
(ii) Mandjet Chasma, which appears to be fault
bounded and reaches ~7-kmdepth (fig. S2). These
chasmata resemble extensional rifts on several
mid-sized icy satellites (9).
We interpret this assemblage as the structural

expression of normal faults and graben that rep-
resent substantial, aligned, tectonic extension of
Charon’s icy crust. Several large craters super-
posed on the chasmata indicate that this exten-
sion is geologically old (see below and fig. S15).
Given the horizontal and vertical scale of these
structures, steeply dipping normal faults likely
extend to depths of tens of kilometers. They rep-
resent global areal extension on the order of ~1%.

Southern plains

The smoother southern half of Charon’s EH forms
an apparently continuous surface with low relief
named Vulcan Planum (VP). Near the bounding
scarps to the north, the planum slopes gently
downward by ~1 km toward the scarps. Portions
of the plains observed at higher resolution exhib-
it a distinctive, lineated texture of closely spaced
grooves or furrows (fig. 6B). One possible origin
for the southern plains is tectonic resurfacing
like that seen on the icy satellites Ganymede and
Enceladus (3). Morphologically distinct groups of
deeper, rille-like narrow troughs and furrows
that postdate the plains also occur. Although
deep, these troughs are nonetheless superimposed
by a number of impact craters, and thus are them-
selves relatively old. The en echelon nature of
these troughs, and rough parallelism with the
chasmata to the north, suggests a tectonic origin
or structural control.
Fields of small hills (2 to 3 km across), areas of

relatively low crater density, and at least one
pancake-shaped unit are consistent with cryo-
volcanic resurfacing (fig. 6B) (16). Peaks sur-
rounded by “moats” (Kubrick and Clarke Montes,
KM and CM; see fig. S2 and “b” labels in Fig. 6A)
were noted by (5). The peaks are up to 3 to 4 km
high above the floors of themoats, and themoats
1 to 2 km deep below the surrounding plains. The
moat at CM appears to expose a more rugged
terrain (“j” label in Fig. 6B), with smooth plains
embaying the margins, two of which are lobate.
The moats are perhaps due to mountain loading
and flexure of Charon’s lithosphere. There are two

additional depressions surrounded by rounded
or lobate margins (“a” labels in Fig. 6A); thus al-
ternatively, both the moats and depressions may
be the expressions of the flow of, and incomplete
enclosure by, viscous, cryovolcanicmaterials, such
as proposed for the uranian moons Ariel and
Miranda (3, 17).
The SFD of impact craters on the southern

plains lies below that for the north at large
diameters (≥50 km, fig. S15A), yet model ages for
the plains point to an age of ~4 Gy (supplemen-
tarymaterials), thus implying an older age for the
northern terrain, and a similar or older age for
those chasmata that predate (were resurfaced
by) VP. In limited regions on VP, however, craters
are sparse (Fig. 6B), implying that the resurfacing
of VP may have acted over an extended time.
The crater SFD of VP is also likely the truest ex-
pression of the Kuiper belt impact crater produc-
tion function for the Pluto system (5), and one
that appears to rule out certain classes of Kuiper
belt object population size distributions (supple-
mentary materials).

Geological evolution

Charon’s surface is dominated by impacts, tec-
tonic deformation, and resurfacing, and as such
fits broadly into the accepted picture of geologic
evolution on icy satellites (18, 19). That Charon is
so geologically complex, however, would seem to
require a heat source for reshaping what would
have otherwise been a heavily cratered surface. If
the ~4-Gy age of even the youngest of Charon’s
surfaces is correct, then this activity dates back to
an early warmer epoch. The tectonic record is con-
sistent with global expansion, and the smooth
plains consistentwith themobilization of volatile
ices from the interior. The spatial distribution of
tectonic features is not readily reconciled with the
kinds of patterns expected (indeed, predicted) from
tidal or despinning stresses (3). Charonmayhave
had an ancient subsurface ocean that subsequently
froze, which would generate the global set of ex-
tensional features, and might permit eruption of
cryovolcanic magmas (20).

A divergent binary

Pluto and Charon are strikingly different in sur-
face appearance, despite their similar densities
and presumed bulk compositions (5). With the
possible exception ofMM, the dynamic remolding
of landscapes by volatile transport seen onPluto is
not evident on Charon, whose surface is instead
dominated spectrally by the signature of water ice
(8). Whether this is because Charon’s near-surface
volatile ices have sublimated and have been total-
ly lost to space owing to that body’s lower gravity
(21), or whether something more fundamental re-
lated to the origin of the binary and subsequent
internal evolution (22) is responsible, remains to
be determined.
Much ofwhatwe see on Pluto can be attributed

to surface-atmosphere interactions and the mobi-
lization of volatile ices by insolation. Other geo-
logical activity requires or required internal heating.
The convection and advection of volatile ices in
SP can be powered by present-day radiogenic heat
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Fig. 6. Enlargement of a portion of Fig. 1B showing details of Vulcan Pla-
numonCharon. (A) Image is 1460m/pixelMVICcoverage from theC_COLOR_2
observation, centered at 5.5°N, 3°E, with north up. (a) Depressions with lobate
margins; (b) mountains surrounded by moat-like depressions; (c) deep, rille-like
troughs; and (d) shallow, finely spaced furrows. White outline indicates high-
resolution image in (B). (B)High-resolution viewof resurfacingonVulcanPlanum.

Image is 160 m/pixel, reprojected LORRI coverage from the C_MVIC_LORRI_CA
observation centered at 0°N, 0.5°E, with DEM color overlain. Seen in this LORRI
vieware rille-like troughs (e) andmore finely spaced, shallow furrows (f), smooth-
er regions of lower crater density (g), a pancake-shaped deposit (h), and unusual
textured terrain (i). Clarke Mons (j) lies in a depression, which is itself bordered
on two sides by distinctive lobate scarps. (k) A field of small hills.
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loss (supplementary materials). However, the
prominent mountains at the western margin of
SP, and the strange, multikilometer-high mound
features to the south are both young geologically
and presumably composed of relatively strong,
water-ice–based geologicalmaterials. Their origin,
and what drove their formation so late in solar
system history, remain uncertain. What is more
certain is that all three major Kuiper belt bodies
(past or present) visited by spacecraft so far—Pluto,
Charon, and Triton—are more different than sim-
ilar and bear witness to the potential diversity
awaiting the future exploration of their realm.
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FEEDING BEHAVIOR

The nutrient sensor OGT in PVN
neurons regulates feeding
Olof Lagerlöf,1,2 Julia E. Slocomb,3 Ingie Hong,1 Yeka Aponte,1,4 Seth Blackshaw,1

Gerald W. Hart,2 Richard L. Huganir1*

Maintaining energy homeostasis is crucial for the survival and health of organisms.
The brain regulates feeding by responding to dietary factors and metabolic signals from
peripheral organs. It is unclear how the brain interprets these signals. O-GlcNAc
transferase (OGT) catalyzes the posttranslational modification of proteins by O-GlcNAc
and is regulated by nutrient access. Here, we show that acute deletion of OGT from
aCaMKII-positive neurons in adult mice caused obesity from overeating. The hyperphagia
derived from the paraventricular nucleus (PVN) of the hypothalamus, where loss
of OGTwas associated with impaired satiety. These results identify O-GlcNAcylation in
aCaMKII neurons of the PVN as an important molecular mechanism that regulates
feeding behavior.

O
besity is a major contributor to disease
throughout the world (1). Currently, there
is no successful and available treatment
for the majority of obese patients. One
of the genes most commonly linked to

human obesity, Gnpda2, affects flux through
the hexosamine biosynthesis pathway (HBP)
(2–4). The HBP produces uridine-diphosphate:
N-acetylglucosamine (UDP-GlcNAc), which is
the donor substrate for the enzyme O-GlcNAc
transferase (OGT). OGT cleaves UDP-GlcNAc and
covalently attaches GlcNAc to the hydroxyl group
of serine or threonine in nuclear and cytoplasmic
proteins in b-linkage (O-GlcNAc). Nutrient access
directly via the HBP, and metabolic hormones
such as insulin regulate the activity of OGT (5, 6).
Although OGT has been shown to be important
for neuronal development, the role of OGT for ma-
ture brain function is almost completely unknown
(7–9). To study the function of OGT in normal
behavior, we created conditional OGT knockout
mice by crossing floxed OGT mice (OGTFl) with
mice expressing a tamoxifen-inducible version of
Cre recombinase under the aCaMKII promoter
(aCaMKII-CreERT2). This enables acute brain-
specific deletion of OGT in aCaMKII-expressing
neurons in adult mice, which we confirmed by
meansof immunohistochemistry,Westernblotting,
and polymerase chain reaction (fig. S1). Knock-
out of OGT in other tissues and cells has been
shown to lead to decreases in cell number,
probably because of impaired mitosis, and in fact,
constitutive knockout of OGT leads to early em-
bryonic lethality (8, 10, 11). In contrast, in post-

mitotic neurons deletion of OGT did not affect
cell number in vitro or in vivo (fig. S2, A and B).
Acute and brain-specific loss of OGT in adult

mice caused rapid weight gain (Fig. 1, A and B,
and fig. S3, A and B).Within 3weeks, the amount
of adipose tissue tripled, whereas the leanweight
had not changed, as quantified with whole-body
nuclear magnetic resonance (NMR) [fat mass,
n = 7 wild-type (WT) mice, 2.5 ± 0.21 g; n = 6
OGT knockout mice, 8.3 ± 0.86 g] (fig. S3, C and
D). The incorporation of fat was general and not
particular to any specific body region (fig. S3, E
to G). Obesity can result from either excessive
caloric intake or insufficient energy expenditure.
Daily food intake rapidly increased upon knock-
out of OGT and plateaued at a level more than
twice as high (Fig. 1C). If access to food was re-
stricted to the same amount consumed by WT
mice, the OGT knockout mice retained normal
body weight. When free access to food was re-
introduced, the OGT knockout mice quickly
approached the weight of OGT knockout litter-
mates who had been fed ad libitum throughout
the experiment (Fig. 1D). To quantify food intake
and energy expenditure simultaneously in real
time, we used comprehensive laboratory animal
monitoring system (CLAMS). CLAMS confirmed
that loss of OGT leads to hyperphagia (fig. S3H).
Energy expenditure was actually increased (fig.
S3I). The accelerated energy expenditure resulted
from, at least in part, hyperactivity (fig. S3J). As
expected from a combination of hyperphagia
and hyperactivity, knocking out OGT caused
higher vO2 and vCO2, leading to a respiratory ex-
change ratio (RER) above 1 (n = 17 WT mouse
days (6mice), 0.94 ± 0.004; n = 20OGT knockout
mouse days (6mice), 1.04 ± 0.007) (fig. S3, K toM).
Daily food intake is a factor of both the size of

eachmeal andmeal frequency. A normal diurnal
rhythm was preserved in OGT knockout mice
(Fig. 1E and fig. S4, A and B). Although there
was no difference in meal frequency, loss of OGT
increased meal size as well as meal duration
(meal size, n = 268 WT mouse meals (6 mice),

SCIENCE sciencemag.org 18 MARCH 2016 • VOL 351 ISSUE 6279 1293

1Solomon H. Snyder Department of Neuroscience, Kavli
Neuroscience Discovery Institute, Johns Hopkins University
School of Medicine, Baltimore, MD 21205, USA. 2Department
of Biological Chemistry, Johns Hopkins University School of
Medicine, Baltimore, MD 21205, USA. 3National Institute on
Drug Abuse + National Institutes of Health/Johns Hopkins
University Graduate Partnership Program, Baltimore, MD
21224, USA. 4Intramural Research Program, Neuronal
Circuits and Behavior Unit, National Institute on Drug Abuse,
Baltimore, MD 21224, USA.
*Corresponding author. E-mail: rhuganir@jhmi.edu

RESEARCH | RESEARCH ARTICLES



0.25 ± 0.02 g; n = 330 OGT knockout mouse
meals (7 mice), 0.42 ± 0.02 g) (Fig. 1E and fig. S4,
C to E). The point at which a meal is terminated
depends on the total caloric content of the food
but also noncaloric determinants of the food,
mainly its volume and composition. When fed
either regular carbohydrate-rich pellets or fat-
based food paste with higher caloric density, the
OGT knockout mice overate the same amount
of calories (fig. S4F).
Immunohistochemistry for OGT showed that

within the core feeding circuitry, the major loss
of OGT in the knockout mice occurred in medial
nuclei of the hypothalamus, most notably in the
paraventricular nucleus (PVN) (Fig. 2A and fig.
S5A). There was only minor loss of OGT from
nuclei of themidbrain and the brainstem (Fig. 2A
and fig. S5A).UsingaCaMKII-CreER+×TdTFlmice
and immunohistochemistry, we noticed that some
aCaMKIIPVNcells expressed thyrotropin-releasing
hormone (TRH) and some oxytocin (fig. S6A). Be-
fore anymajor weight gain, OGTdeletion reduced
the expression of TRH, as determined with in
situ hybridization, in a subpopulation of cells
in the PVN without affecting their viability,
whereas several other known neuropeptides
regulating feeding behavior were largely unal-
tered: proopiomelanocortin (POMC), cocaine-
and amphetamine-regulated transcript (CART),
orexin, agouti-related peptide (AgRP), neuropep-
tide Y (NPY), vasopressin (AVP), and oxytocin
(TRH, n= 4WTmice, 40 ± 4.1 cells/150 × 103 mm2;
n = 4 OGT knockout mice, 23 ± 2.9 cells/150 ×
103 mm2) (Fig. 2B and figs. S6, B to E, and S7A)
(12, 13). Next, we infected hypothalamic organo-
typic cultures with a virus that expresses green
fluorescent protein (GFP) under the aCaMKII pro-
moter and treated the explants with varying con-
centrations of glucose. ThePVNretained its normal
morphology and expression of neuropeptide dur-
ing the extent of the experiment (~2.5 weeks)
(fig. S8A). Immunohistochemistry for O-GlcNAc
demonstrated that 1 hour of treatmentwith 5mM
glucose, simulating physiological andmeal-derived
fluctuations in glucose, increased O-GlcNAc in
aCaMKII-positive cells [1 mM glucose, n = 360
cells, 134 ± 10 intensity/cell (arbitrary units, a.u.);
5mMglucose n = 330 cells, 211 ± 12 intensity/cell
(a.u.)] (Fig. 2C) (14–16). In contrast, there was
no change in O-GlcNAc levels in neighboring
aCaMKII-negative cells (fig. S8B). Incubation for
16 hourswith 25mMglucose raised theO-GlcNAc
levels in aCaMKII cells to a larger extent [5 mM
glucose, n = 390 cells, 156 ± 9 intensity/cell (a.u.);
25 mM glucose, n = 375 cells, 298 ± 14 intensity/
cell (a.u.)] (fig. S8, C and D). Unlike cortex and the
hippocampus, where O-GlcNAc levels mirror food
intake, it has recently been reported that fasting
increased O-GlcNAc in AgRP neurons, which has
been proposed to be due to stimulation of OGT
expression by ghrelin in these cells (6, 7, 15). In
the PVN, fasting decreasedO-GlcNAc, but only in
aCaMKII-positive cells [aCaMKII-positive cells,
fedmice n = 455 cells, 158 ± 5 intensity/cell (a.u.);
starved mice n = 259 cells, 81 ± 6 intensity/cell
(a.u.)] (fig. S8E). In addition, we compared the
expression of the immediate early gene c-Fos

in aCaMKII PVN cells in vivo in mice fed ad
libitum or refed upon starvation. This enabled us
to characterize cellular responses to food intake as
mice start eating after a period of starvation. Food
intake appeared to activate aCaMKII cells in the
PVN, and loss of OGT blocked this activation
completely (fig. S8, F and G).
O-GlcNAc is highly expressed in neuronal

synapses in the brain (17). We crossed aCaMKII-
CreER+ ×OGTFl/WT ×TdTFlmice to assesswhether
OGT regulates excitatory synaptic input onto
aCaMKII PVN cells. If deleting OGT attenuates

excitatory input, it would explain, at least in part,
howOGT regulates the activity of these cells. The
mean capacitance of labeled cells averaged ~15 pF
and did not differ betweenWT and knockoutmice
(fig. S9A). The mean miniature excitatory post-
synaptic current (mEPSC) frequency decreased
by 72% in OGT knockout cells (n = 6 WT cells,
1.75 ± 0.11 Hz; n = 6 OGT knockout cells, 0.50 ±
0.10 Hz) (Fig. 3, A and B). The sharp decrease in
mEPSC frequency suggests that OGT is essential
for maintaining the number of functional excit-
atory synapses onto aCaMKII PVN neurons.

1294 18 MARCH 2016 • VOL 351 ISSUE 6279 sciencemag.org SCIENCE

Fig. 1. Acute deletion of OGT in aCaMKII-positive neurons causes hyperphagia-dependent obe-
sity. (A) Photo of mice 4 weeks after OGTdeletion. (B) Body weight time course [n = 8 WTmice, n = 8
OGT knockout mice; repeated-measures two-way analysis of variance (ANOVA) with post hoc Bonferroni
test, P < 0.05]. (C) Daily food intake time course (n = 6 WTmice, n = 6 OGT knockout mice; repeated-
measures two-way ANOVA with post hoc Bonferroni test, P < 0.05). (D) Body weight time course upon
pair-feeding (n = 4 free mice, n = 4 restricted mice, n = 3 WTmice). (E) Food intake every 15 min from
sample mice. Quantifications represent mean ± SEM.

Fig. 2. OGT-mediated hyperphagia is associated
with feeding circuitry function in the PVN.
(A) aCaMKII expression within feeding circuitry
(schematized from fig. S5A). (B) TRH expression.
(Left) Image of probe staining. (Right) Quantifi-
cation (n = 4WTmice, n = 4 OGT knockout mice;
two-tailed t test: P < 0.05). (C) (Left) GFP and
O-GlcNAc in the PVN. (Right) Quantification of
O-GlcNAc intensity in GFP-positive cells (1 mM, n =
360 cells, 5mM, n=330 cells; two-tailed t test:P<
0.05). Quantifications represent mean ± SEM.
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The mean mEPSC amplitude was also de-
creased, but to a much smaller degree (n = 6WT
cells 19.7 ± 1.2 pA; n = 6 knockout cells, 15.6 ±
0.9 pA) (Fig. 3, A and C). Neither the rise time
nor the decay time of the EPSCs changed upon

deletion of OGT (fig. S9, B and C). Pharmaco-
logical inhibition of glutamatergic signaling in
the PVN has previously been shown to elicit in-
tense feeding (18).
Selectively deleting OGT in the aCaMKII cells

of the PVN by means of stereotactic virus injec-
tion caused concurrent obesity and hyperphagia
(Fig. 4, A to C, and fig. S9D). Because deletion of
OGT in aCaMKII cells in the PVN prevents their
feeding-induced activation and leads to hyper-
phagia, we predicted that stimulating those cells
would decrease food intake. Activating aCaMKII
PVN cells optogenetically decreased cumulative
food consumption over 24 hours (baseline, n = 11
experiments (5 mice), 3.6 ± 0.14 g; 50 Hz, n = 11
experiments (5 mice), 2.6 ± 0.33 g) (Fig. 4, D and
E) (19). The amount of food ingested permeal was
smaller, whereas there was no significant effect
on meal frequency (meal size, baseline, n = 125
meals, 0.25 ± 0.014 g; 50Hz, n = 110meals, 0.20±
0.014 g) (Fig. 4F and fig. S9E). In a second ex-
periment, we started the stimulation at the onset
of darkness after fasting the mice during the light
phase. Fasting increased food intake, and 20 Hz
optogenetic stimulation for 4 hours produced a
significant decrease in food intake, whereas 50Hz
stimulation for 1 or 4 hours produced large, sig-
nificant drops in feeding (fig. S9F). The decrease
in meal size with 50 Hz stimulation was evident
in the first meal, without any change in latency
to initiation of feeding (fig. S9, G and H).

Together, our data favor a model in which the
function of OGT is to couple energy intake with
energy need, at least in part, by regulating the
excitatory synaptic input in aCaMKII PVN cells
(Fig. 4G). The select effect on meal termination
suggests that OGT regulates satiation. aCaMKII
neurons are often excitatory. Although vGlut2-
positive excitatory neurons in the PVN decrease
food intake, there appears to be only partial over-
lap between aCaMKII and vGlut2 expression in
the PVN (20, 21). Because glucose remains ele-
vated in the cerebrospinal fluidmore than 1 hour
upon eating, the feeding-related changes in
O-GlcNAc integrates nutrient availability on a time
scale longer than a single meal (14, 22, 23). The
brain promotes satiation by coordinating adipo-
kines, reflecting body energy depots, and acute
food-derived signals into circuits that turn off
feeding. Rather than constituting a link in meal-
to-meal satiety feedback loops, our observations
suggest that OGT controls the threshold of such
loops through its regulation of excitatory synap-
tic transmission onto aCaMKII PVN neurons.
The observation thatOGTknockoutmice quickly
reached a plateau in daily food intake supports
this idea. Thresholding satiation between meals
confers the behavioral advantage of stabilizing
caloric intake over time so that the previousmeal
informs on the caloric need of the next. These
data do not exclude additional, faster regulation
of OGT activity and levels viametabolic hormones.
These findings identify the regulation of excita-
tory synapses onto aCaMKII PVNneurons byOGT
as an important mechanism underlying satiation,
representing a potential medicinal target for hu-
man obesity.
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Fig. 3. OGT regulates excitatory synaptic func-
tion inaCaMKII PVNneurons. (A) Sample traces
from WTand OGT knockout cells. (B) mEPSC fre-
quency and (C) amplitude in aCaMKII-positive PVN
neurons (n = 6 WTcells, n = 6 OGT knockout cells;
two-tailed t test, P < 0.05). Quantifications rep-
resent mean ± SEM.

Fig. 4. OGT regulates feeding behavior in aCaMKII neurons of the PVN. (A) (Top) Schematic of
stereotactic PVN injection. (Bottom) GFP expression in the PVN after stereotactic injection. (B) Body
weight and (C) daily food intake time course (n = 5 WT mice, n = 7 OGT knockout mice; repeated-
measures two-way ANOVA with post hoc Bonferroni test, P < 0.05). (D) Schematic of optogenetic setup
with aCaMKII-driven expression of channelrhodopsin-2 in the PVN with the abutting laser. (E and F) Food
intake after optogenetic stimulation. (E) 24 hours cumulative food intake. Bars represent average intake
over all mice, and lines represent average intake per individual mouse (baseline, n = 11 experiments (5 mice);
stimulation, n = 11 experiments (5 mice); two-tailed t test, P < 0.05). (F) Average meal size (baseline,
n = 125 meals (5 mice); stimulation, n = 110 meals (5 mice); two-tailed t test, P < 0.05). (G) Model of
OGT-dependent hyperphagia. Quantifications represent mean ± SEM.
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MICROBIOTA

The maternal microbiota drives early
postnatal innate immune development
Mercedes Gomez de Agüero,1* Stephanie C. Ganal-Vonarburg,1* Tobias Fuhrer,2

Sandra Rupp,1 Yasuhiro Uchimura,1 Hai Li,1 Anna Steinert,1 Mathias Heikenwalder,3

Siegfried Hapfelmeier,4 Uwe Sauer,2 Kathy D. McCoy,1* Andrew J. Macpherson1*†

Postnatal colonization of the body with microbes is assumed to be the main stimulus to
postnatal immune development. By transiently colonizing pregnant female mice, we show
that the maternal microbiota shapes the immune system of the offspring. Gestational
colonization increases intestinal group 3 innate lymphoid cells and F4/80+CD11c+

mononuclear cells in the pups. Maternal colonization reprograms intestinal transcriptional
profiles of the offspring, including increased expression of genes encoding epithelial
antibacterial peptides and metabolism of microbial molecules. Some of these effects are
dependent on maternal antibodies that potentially retain microbial molecules and transmit
them to the offspring during pregnancy and in milk. Pups born to mothers transiently
colonized in pregnancy are better able to avoid inflammatory responses to microbial
molecules and penetration of intestinal microbes.

D
uring pregnancy, the eutherian fetus in-
habits a largely sterile environment in
utero, protected from infections by mater-
nal immunity. Rejection of the allogeneic
fetus is avoided through maternal and fe-

tal vascular separation, the immune privileged
status of the placental trophoblast, and gesta-
tionalmaternal tolerancemechanisms (1). At birth,
the situation changes dramatically as body sur-
faces becomeprogressively colonizedwithmicrobes,
directly exposing the immature neonatal immune
system to potential pathogens (2, 3). Despite
continued protection from the immunoglobulins
and antibacterial peptides in milk, the conse-
quence of this transition for human health is that
most of the worldwide mortality in children up
to 5 years old is due to infectious disease (4–6).
Immune system development is both prepro-

grammed in neonatal tissues and driven later by
exposure to pathogenic and nonpathogenic mi-
crobes (3). Germ-free mice have low immuno-

globulin concentrations; lymphopenia of lymphoid
structures; reduced bonemarrow leukocyte pools;
and aberrant innate and adaptive immune func-
tions (7, 8). It has beenwidely assumed thatmost
microbiota-driven immune alterations are post-
natal effects induced by the neonate’s ownmicro-
biota (2, 9, 10). Here, we challenge this assumption
by asking how the maternal microbiota in preg-
nancy alone affects the early postnatal immune
system of the offspring.
To achieve gestation-only colonization under

conditionswhere themice deliver their pups spon-
taneously at term, we used a system in which
pregnant dams are transiently colonized with
genetically engineered Escherichia coli HA107
(11). Because this strain does not persist in the
intestine, pregnant dams become germ-free again
before term and naturally deliver germ-free pups
(fig. S1A). Although E. coli is a minor component
of the adult human microbiota, it is commoner
in the neonatal intestine (12) and a frequent cause
of human neonatal sepsis (13).

Gestation-only colonization shapes
the intestinal mucosal innate
immune composition

Gestation-only colonization with E. coli HA107
altered the numbers of early postnatal intestinal
innate leukocytes in wild-type C57BL/6 mice. At
postnatal day 14, there was an increase in small

intestinal innate lymphoid cell (ILC) proportions
and total numbers compared with germ-free con-
trols, particularly the NKp46+RORgt+ ILC3 sub-
set (Fig. 1, A and B, and fig. S1B). Small intestinal
NKp46+RORgt+ ILC3 are described in germ-free
mice (14), but persistently increased following
transient gestational colonization, reaching amax-
imum in 14- to 21-day-old pups: This increase
persisted even after weaning (Fig. 1C and fig. S1C),
consistent with increased small intestinal ILC3
content of colonized compared with germ-free
mice (15) and the microbiota-dependent mod-
ulation of RORgt expression in this subset (16).
Increases in the expression of the cytokine
interleukin-22 (IL-22) in this population have
been observed following permanent colonization
or the introduction of segmented filamentous
bacteria to themicrobiota (17, 18). Total numbers
of IL-22–expressing cells increased in line with
the increased NKp46+RORgt+ ILC3 numbers as
a result of gestational colonization, although in-
dividual IL-22 expression levels did not change,
likely because the pups were born and raised
germ-free (fig. S1, D to F).
There was also an increase in the small and

large intestinal F4/80+CD11c+ mononuclear cells
(iMNCs) in day 14 (d14) pups born to gestation-
only colonized dams (Fig. 1, D and E, and fig. S2,
A to C), whereas the F4/80+CD11c–macrophages,
F4/80loCD11c+ dendritic cells (DCs), and the CD103+

or CD11b+ DC subpopulations were not signifi-
cantly affected (Fig. 1, D and E, and fig. S2, B to E).
The gestational effects on increased F4/80+CD11c+

iMNCswere alsomaximal betweenpostnatal days
14 to 21, and they persisted until at least 8 weeks
of age in the colon (Fig. 1F). Gestational coloniza-
tion causedno significant changes in small intestinal
ILC2 numbers (fig. S3, A and B) or in other early
postnatal innate leukocyte populations in either
systemic or intestinal tissues (table S1). These re-
sults showed that temporary colonization of a
pregnant dam has long-term consequences for
certain populations of innate lymphoid andmono-
nuclear cells in the intestines of her offspring.
We next sought to verify that the effects of

gestational E. coli on early postnatal innate leu-
kocytes would also be seen with animals stably
colonized by a different microbiota both in the
mother and after birth. We compared C57BL/6
animals carrying the defined altered Schaedler
flora (ASF) of eight microbes with germ-free con-
trols. Both small intestinal NKp46+ ILC3 and in-
testinal F4/80+CD11c+ MNC populations were
increased in pups born to stably colonized ASF
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mothers compared with germ-free controls (fig.
S4, A and B). Colonization of adult germ-free
C57BL/6 animals with an ASF microbiota for
21 days also selectively increased intestinalNKp46+

ILC3 and F4/80+CD11c+ iMNC populations (fig.
S4, C and D, and table S2). Given that the ASF
microbiota does not contain Proteobacteria, we
concluded that the innate leukocyte alterations
seen through gestation-only colonization with
E. coli are also present in mice colonized with a
defined microbiota, dominated by Bacteroides
distasonis (19). Nevertheless, given the altera-
tions in adaptive immunity when germ-freemice
are permanently colonized with amicrobiota (8),
we next assessed the extent of adaptive immune
changes after gestation-only colonization.

Maternal gestational colonization
does not affect adaptive immune
composition of pups

We found that gestation-only colonization did
not alter relative or absolute populations of B or
T cells during development in the bone marrow,
spleen, or thymus (fig. S5, A and B). Intestinal

and systemic CD4 or CD8 T cell numbers, T cell
activation status (table S3), CD4 subpopulations
(fig. S5, C to G), and intestinal microarchitecture
(fig. S6) were also generally unaffected. Because
all the neonatal mice in these experiments were
germ-free, we concluded that the well-known
microbiota-driven effects of amplification of B
and T cell numbers and resulting reorganization
of lymphoid structures result from postnatal col-
onizationwith an endogenousmicrobiota (19–21).

Maternal microbiota induces intestinal
transcriptional reprogramming in offspring

Many functions of the neonatal intestine are de-
velopmentally regulated, including transport of
nutrients, salts, and water; barrier function; and
secretion of antibacterial peptides and mucus
(22). Because different aspects of intestinal devel-
opment determine the ability of the neonate to
tolerate an incoming microbiota, we questioned
whether the changes in innate leukocytes after
gestational colonization were part of a much
wider range of adaptations triggered bymaternal
exposure to intestinal microbes. We carried out

RNA sequencing (RNA-Seq) analysis of whole
small intestinal mucosal RNA from neonates at
day 14. Unsupervised analysis showed a series of
consistent transcriptional changes in the pups
born to gestation-only colonized dams compared
with controls (Fig. 2A). The genetic and protein
interactions inferred from differentially expressed
transcripts (23) included up-regulated gene net-
works for cell division and differentiation,mucus
and ion channels, and the polymeric immuno-
globulin receptor and mononuclear recruitment,
as well as for metabolism of xenobiotics, bile
acids, complex lipids, and sugars (Fig. 2B). These
differentially expressed genes included signif-
icantly increased overall expression of signature
genes for the different Paneth cell, goblet cell, and
early/late enterocyte precursor epithelial lineages
(24, 25) (fig. S7, A to C). Transcripts for the C-lectin
Reg family and antibacterial defensin peptides
were also significantly increased in the pups of
gestation-only colonized dams compared with
controls (Fig. 2C and fig. S7D).
These results show that the maternal micro-

biota drives wide-rangingmucosal transcriptional
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Fig. 1. Maternal microbial exposure during pregnancy shapes the frequen-
cy of intestinal innate lymphoid and mononuclear cell populations in the
offspring. Germ-free C57BL/6 dams were transiently colonized with E. coli
HA107 (gestational colonization) or kept germ-free throughout (controls). All
offspring were analyzed by flow cytometry at day 14 after birth unless indi-
cated. (A) Representative dot plots showing Lin– (CD19–CD3–) small intestinal
lamina propria lymphocytes (upper row) and Lin–RORgt+NKp46– ILC3 (lower
row). (B) Absolute numbers (geometric mean, sample number n ≥ 5) of the
indicated Lin– small intestinal ILC populations. (C) Absolute numbers of

small intestinal Lin–NKp46+RORgt+ ILC3 at indicated time points after birth.
Data represent geometricmean±SD,n=3 to 10per timepoint. (D)Representative
dot plots showing Lin–MHC-II+ colon lamina propria intestinal mononuclear cells
(iMNCs) (upper row) and Lin–MHC-II+CD11c+F4/80lo iMNCs (lower row). (E) Ab-
solute numbers (geometric mean, n ≥ 5) of indicated Lin–MHC-II+ iMNC
populations in the colon. (F) Absolute numbers (geometricmean ± SD, n= 3 to
10 per time point) of colon Lin–MHC-II+CD11c+F4/80+ iMNCs at different time
points after birth. Data are each representative of four independent experi-
ments or show pooled data from four experiments. *P ≤ 0.05; **P ≤ 0.01.
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signatures that are consistent with adapting early
postnatal immunity and intestinal function gen-
erally to postnatal microbial colonization and
themetabolic consequences of inevitable bile salt
and dietary xenobiotic exposure, even in pups born
germ-free. Thus,many aspects ofwhatmight have
been thought of as canonical host epithelial de-
velopment and innate immunity are likely shaped
through maternal microbial colonization.

Gestational colonization effects depend
on maternal antibodies

Live intestinalmicrobes, including E. coliHA107,
generally do not penetrate the body further than
the lymphnodesdraining the intestinalmesentery
(26, 27), and we found no culturable organisms
in the placenta after treatment in our gestational
colonization experiments. It was therefore likely
that the effects of maternal gestational microbes
on early postnatal innate immunity resulted from
penetration of microbial molecular products, first
to maternal tissues, and subsequently to the fetus
or neonate. Supporting this hypothesis, we found

that serum transfer from gestation-only colonized
females to unexposed pregnant dams was suffi-
cient to shape intestinal NKp46+ ILC3 populations
in the neonates (Fig. 3A and fig. S8, A and B), but
not when immunoglobulin G (IgG) was depleted
from the serum before transfer, nor when the ser-
um was derived from gestationally colonized JH

−/−

antibody-deficient dams (fig. S8, A and B). Given
the sufficiency of serum IgG transfer, antibody
transfer from themother toher offspringwas likely
important to realize some features of early post-
natal immune development, because the gestation-
only induction of small intestinal NKp46+ ILC3 by
thematernalmicrobiota was lost in the antibody-
deficient JH

−/− strain (Fig. 3, B andC).Weconfirmed
that this effect was due to the lack of maternal
antibodies using a heterozygous strain combina-
tion approach (fig. S8C). Nevertheless, not all as-
pects ofmaternal microbiota-driven early postnatal
immune system development are antibody depen-
dent, because induction of F4/80+CD11c+ iMNCs
was preserved despite the lack of neonatal and/or
maternal antibodies (fig. S8, D and E).

Because NKp46+ ILC3 but not CD11c+F4/80+

iMNC increases are mediated through maternal
antibody-dependent mechanisms after transient
gestational colonization, we predicted that only a
subset of the many transcriptional responses at-
tributable to epithelial and other intestinal cells
would bematernal antibody-dependent. RNA-Seq
analysis was carried out in d14 ileum to compare
the responses ofC57BL/6wild-type andJH

−/−groups,
each of which was compared to germ-free con-
trols. Only a subset of up-regulated genes in all
networkswerematernal antibody-dependent (Fig.
3D and fig. S9, A to C). For example, although
RegIIIa transcript numbers were elevated in the
pups of antibody-deficient mothers, maximal up-
regulation of RegIIIb and RegIIIg was antibody
dependent (Fig. 3E and fig. S9D).

Maternal microbial molecular transfer to
the offspring

Maternal microbiota effects on the pups were
only seen when the mother was transiently
colonized during pregnancy itself (fig. S10, A
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C57BL/6 dams were transiently colonized with E. coliHA107 during pregnancy
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gene expression in offspring born to gestationally colonizedmothers compared
to offspring born to controlmothers.Genes with significantly different expression
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and B). In mice, maternal IgG is transferred
across the placenta and through intestinal up-
take from the milk (28), so we used litter-swap
experiments to distinguish between antenatal
and postnatal effects of the maternal microbiota.
Although there was a nonsignificant trend to-
ward increased small intestinal NKp46+ ILC3 in
neonates born to an unmanipulated mother and
nursed by a gestation-only colonized mother,
both in utero gestation and postnatal nursing by
dams that had been colonized during pregnancy
were necessary for significant ILC3 induction
(Fig. 4A).
These results imply that maternal microbiota-

derived compounds are transferred fromthemoth-
er to the offspring and that this process is increased
in the presence of maternal antibodies. We next
considered antibody-enhanced retention of bacte-
rial products in themother and antibody-mediated
transfer of bacterial products. The first of these
effects was demonstrated by following 14C elim-
ination from metabolically labeled E. coli HA107
in wild-type and antibody-deficient mice. The
presence of antibodies significantly increased
retention of 14C-labeledmolecules in themesenteric

lymph nodes, spleen, liver, and serum for at least
36 hours compared with antibody-deficient con-
trols (Fig. 4, B andC, and fig. S11, A toD):Microbial
molecular exposure of the placenta and the fetus
was also enhanced at embryonic day 16 (E16) (Fig.
4, D and E). We also found significantly increased
radioactivity originating from maternal micro-
bial molecules in the milk, and from postnatal
intestinal mucosa and liver of wild-type pups
(Fig. 4, F to I). This shows that maternal anti-
bodies enhance the retention and transmission
ofmicrobialmolecules, although effects other than
direct microbial molecular binding cannot be
excluded. To verify that these compounds are
really ofmicrobial origin rather than the products
of secondary metabolism in the mother, we grew
HA107 on [13C]glucose so that bacterial com-
pounds became fully labeled with 13C, as judged
by mass spectrometry–shift data. Intestinal 13C-
labeled metabolite levels were equivalent wheth-
er or not the mother expressed antibodies (fig.
S12); however, after intestinal administration of
13C-labeled HA107 in C57BL/6 intravenously (i.v.)
primed mice, serum contained bacterial metab-
olites comigrating with IgG that were absent

from the serum of antibody-deficient mice (fig.
S13 and data file S5). Even if HA107 was only
delivered through the intestinal route, which does
not induce high-affinity serum IgG (11), there
was evidence of low-affinity IgG coating of E. coli
that was absent from serum of untreated germ-
free controls or from HA107-treated JH-deficient
mice (fig. S14). We therefore concluded that ei-
ther sterile bacterial fragments or small molecules
can potentially be bound to maternal IgG after
intestinal exposure.
Given that increases in NKp46+ ILC3 and com-

ponents of the mucosal transcriptome were anti-
body dependent, whereas F4/80+CD11c+ iMNCs
were induced by gestational colonization even in
pups of antibody-deficient dams, we assumed
that a number of molecular ligand–receptor sys-
tems are driving different aspects of neonatal
adaptation in response to the maternal micro-
biota. Toll-like receptor ligand signaling was not
essential for the effect (fig. S15, A and B). There
was an extensive range of bacterial-derived (13C-
labeled) molecules passed from the mother to
the offspring (Fig. 5A and fig. S16), some of which
also reached neonatal tissues (fig. S16). These
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bacterial-derived metabolites present in milk or
offspring tissues from gestationally colonizedmice
included natural microbial ligands for the aryl
hydrocarbon receptor (AhR) or their precursors
(Fig. 5, A to C, and table S4) (29). Most of these
bacterial metabolites, including the fully labeled
AhR ligands (Fig. 5C), were not enriched in the
milk of treated JH

−/− mice (Fig. 5, B and C), al-
though these data do not prove that these mol-

ecules are necessarily bound to the antibodies for
transfer. Because AhR-deficientmice have a com-
pound phenotype (30), and strain combination
experiments reveal globally nonredundant signal-
ing pathways, we took the approach of treating
pregnant germ-free mice with authentic ligands
for AhR, short-chain fatty acids, nucleotide-
binding oligomerization domain (NOD) ligands
and the retinoic acid–inducible gene I (RIG-I)

ligand. Of these, only the AhR ligand (indole-3-
carbinol, I3C) increased NKp46+ ILC3 in the
offspring of the treatedmothers (Fig. 5, D and E).
This occurred even in the absence of antibodies,
although to a significantly lower extent (fig. S17,
A and B). Although this shows that early postnatal
NKp46+ ILC3 numbers are increased in response
to aryl hydrocarbons, antibodies are not essential
for the effect provided that a sufficient dose of
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AhR ligand is transmitted from themother to her
offspring. Indeed, we found that ILC3 increases
induced by an endogenous ASF microbiota in
adult mice were also antibody independent, pre-
sumably because endogenous colonization pro-
vides a sufficient dose of bacterial ligands (fig.
S17C). We concluded that maternal antibodies
assist the transfer of microbial compounds to
the offspring, but are not independently required
to increase ILC3 numbers. Given the diversity of
maternal microbial molecular transfer, it remains
probable that other microbial molecular species
can also drive early postnatal adaptation.

Gestational colonization effects on
innate immune precursors

The elevated number of intestinal NKp46+ ILC3
and F4/80+CD11c+ iMNCs in the offspring born
to gestation-only colonized dams may result from
amplified precursor populations or increased pro-
liferation of the mature intestinal population.
Neonatal ILC3 precursors (14, 31) were not in-
creased in the liver or intestine of E17 fetuses
from gestationally HA107-colonized mice (fig.
S18, A toD).We did detect increased proliferative
capacity of small intestinalNKp46+ ILC3 isolated
from 14-day-old pups born to gestation-only
colonized dams (fig. S18, E and F). F4/80+CD11c+

iMNCs stem from CD11b+CX3CR1intLy6C+ mono-
cytes (32, 33), which were significantly increased
in the colon lamina propria of 14-day-old pups
from gestationally colonized dams (fig. S18, G
and H).

Functional impact of gestational
colonization on the early postnatal
immune system

To test whether the integrity of the early post-
natal intestine to live microbial challenge was
improved by gestational colonization, we chal-
lenged pups with the replication-competent
parent strain of HA107, E. coli JM83. Despite
equal E. coli cecal colonization at 18 hours, only
the pups of gestationally colonized mothers or
dams treated with the AhR ligand I3C could
avoid translocation of JM83 to the mesenteric
lymph nodes (Fig. 6A and fig. S19, A and B).
Because presence of HA107-specific antibodies
might contribute to E. coli–primed protection,
we confirmed these results by challenge with
Bacteroides fragilis, where HA107-induced anti-
bodies do not cross-react (Fig. 6B and fig. S19C).
To verify the role of ILC3 in intestinal integrity

(34), we exploited the fact that ILC3 can be in-
duced in adults independently of B cells and anti-
bodies (fig. S17C and table S5). Comparison of
Rag−/− and Rag−/−gc

−/− mice (which lack ILCs
as well as B and T cells) showed that ILCs were
required to mediate the microbiota-driven pro-
tection from bacterial translocation during chal-
lenge with JM83 (Fig. 6C).
Systemic immune responsiveness is also likely

shaped by gestational colonization, as tumor ne-
crosis factor–a and IL-6 proinflammatory cytokine
production was reduced in the pups’ splenocytes
after intraperitoneal lipopolysaccharide (fig.
S20). Because ILC3 are a very minor population

in the spleen, the mechanism is likely to be quite
distinct from the gestational effects on intestinal
function.
These functional readouts of gestational colo-

nization only show some of the potential benefits
of maternal microbial molecular exposure in the
pups. After challengewith replication-competent
E. coli, small intestinal RNA-Seq analysis showed
expression of antioxidant and lysosomal enzyme
networks in the pups of gestation-only colonized
dams, whereas control pups had wide-ranging
expression signatures for cellular proliferation,
cytoskeletal organization, and ribosome biosynthe-
sis (Fig. 6D and fig. S21A). Expression of some
genes for antimicrobial peptides induced by
gestational colonization also increased further
after intestinal bacterial challenge (Fig. 6E and
fig. S21B).

Conclusion

The maternal microbiota prepares the newborn
for host-microbial mutualism. This results from
microbial molecular transfer because in our ex-
perimental system, live microbes are no longer
present at birth; we do not detect live microbes
in the placenta or the neonate; and the result can
be recapitulated with sterile serum transfer. In
other words, maternal antibodies not only pro-
tect the neonate through pathogen neutraliza-
tion (4, 5), but also have a more general effect
promoting microbial molecular transfer. Short-
chain fatty acids from microbes are known to
shape the adult immune system (35, 36).We show
here that ligands for the AhR, known to drive
ILC3 expansion (37) and limit adult bacterial
translocation (38), can be derived from the ma-
ternal microbiota and shape the composition and
function of early postnatal immunity.Nevertheless,
AhR ligands are unlikely to be the onlymolecular
mechanism involved in gestational microbial
shaping.
Secretory antibodies in the milk are known

to delay the maturation of the early postnatal
immune system and determine long-term intes-
tinal microbiota composition (39–41). Here we
show that maternal antibodies also enhance mi-
crobial molecular levels in the fetus and the neo-
nate. Themolecular constituents of the maternal
microbiota are able to ready neonatal innate im-
munity in time for the tsunami of microbes that
successively colonize the intestine (42, 43). Although
these studies were focused on benign microbes, the
immune morphogenesis driven by the maternal
microbiota is likely also to benefit young mam-
mals when they encounter pathogens. Postnatal
microbial colonization is a pivotal early event in
autonomous host-microbialmutualism. Fortunately,
the maternal microbiota and maternal immunity
prepare the neonate for its inevitable challenges.
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SUPERCONDUCTIVITY

Observation of superconductivity in
hydrogen sulfide from nuclear
resonant scattering
Ivan Troyan,1,2*† Alexander Gavriliuk,2,3† Rudolf Rüffer,4 Alexander Chumakov,4,5

Anna Mironovich,3 Igor Lyubutin,2 Dmitry Perekalin,6

Alexander P. Drozdov,1 Mikhail I. Eremets1

High-temperature superconductivity remains a focus of experimental and theoretical research.
Hydrogen sulfide (H2S) has been reported to be superconducting at high pressures and with a
high transition temperature.We report on the direct observation of the expulsion of the
magnetic field in H2S compressed to 153 gigapascals. A thin 119Sn film placed inside the H2S
sample was used as a sensor of the magnetic field.The magnetic field on the 119Sn sensor was
monitored by nuclear resonance scattering of synchrotron radiation. Our results demonstrate
that an external static magnetic field of about 0.7 tesla is expelled from the volume of 119Sn foil
as a result of the shielding by theH2S sample at temperatures between4.7 K and approximately
140 K, revealing a superconducting state of H2S.

H
igh-temperature superconductivity at high
pressures has been predicted for numer-
ous hydrides (1–7), including H2S (8, 9).
Recent resistivity and magnetic suscepti-
bility measurements indicate that a super-

conducting transition occurs in H2S compressed
to between 150 and 190 GPa with a high onset
temperature of 203 K (10). For an unambiguous
identification of the superconducting state, a
direct observation of the Meissner effect in an

externalmagnetic field is desirable.However,mea-
surements of the Meissner effect using a super-
conducting quantum interference device (SQUID)
or inductor methods at pressures above 130 GPa
are difficult, and experimental results do not al-
low for a clear interpretation.
Historically, the Meissner effect was defined

as the expulsion of the external magnetic field
from a superconducting sample as the sample
enters the superconducting statewith decreasing

temperature—that is, upon field cooling (FC) con-
ditions. In our experiment, the sample was first
transformed into the superconducting state upon
zero field cooling (ZFC), and then the external
magnetic field was applied. Upon warming the
sample, we monitored the expulsion of the mag-
netic flux in the diamagnetic shielding mode.
Relative to the FC option, the ZFC protocol is a
better choice for high-temperature superconduc-
tors because this method provides a larger con-
trast in measurements of the expulsion of the
magnetic field (11). To detect the expulsion of the
magnetic field, we used a magnetic field sensor
immersed into theH2S specimen (Fig. 1). A 2.6-mm-
thick foil of tin enrichedwith the 119Sn isotope to
95% was used as the sensor. It was placed in the
gasket hole of the diamond anvil cell (DAC) before
loading H2S. The sensormonitored themagnetic
field via the magnetic interaction at the 119Sn
nucleus, as detected by nuclear resonance scat-
tering (NRS) of synchrotron radiation (12, 13).
The presence of the magnetic field at tin nuclei
was identified by quantum beats in the time
spectra of NRS (14). The resonant character of
NRS ensured that we acquired data only from
the 119Sn sensor, with zero background from the
sample environment.
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Fig. 1. Layout of the experiment.The
tin foil, surrounded by compressed
hydrogen sulfide, is located in a
diamond anvil cell (DAC) at a pressure
of about 153 GPa. Pulsed synchrotron
radiation excites the nuclei of the tin
Mössbauer isotope 119Sn. The detection
system measures the time evolution of
radiation emitted by the tin nuclei in
the forward direction. (A) At T > Tc, in
the external magnetic field directed
along the x-ray beam, the time spectra
show quantum beats due to magnetic
splitting of tin nuclear levels. (B) At
T < Tc, the tin foil is screened from the
external magnetic field by the super-
conducting hydrogen sulfide, and con-
sequently no splitting of nuclear levels
occurs and no magnetic quantum beats
are seen in the time spectra. The blue
dots are experimental data; the red
lines were obtained from fits using the
MOTIF software (17).
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For sample preparation, we followed the pro-
cedure described in (10). The gaseous H2S was
filled into the DAC through a capillary system
in an optical cryostat that enabled in situ pres-
sure changes in the DAC. The filling started after
the temperature had been decreased to 197 K.
The 119Sn foil was immersed in liquid H2S in
the hole inside the gasket of the DAC (Fig. 2A).
The H2S sample was identified by Raman scat-
tering (Fig. 2A, bottom). The value of the pres-
sure was measured by Raman scattering from
the diamond anvils (15, 16).
The DAC was installed into the cryo-magnet

system with exchange gas cooling. To verify that
superconductivity occurred in the studied H2S
sample and not in the sensor 119Sn foil, we con-
ducted the measurements simultaneously with
two DACs. One DAC contained the H2S sample
and the 119Sn sensor foil, and the other contained
the reference 119Sn foil loadedwith hydrogen (H2)
as a pressure-transmitting medium (Fig. 2C and
fig. S1). The samples in both DACs were main-
tained under the same magnetic field and tem-
perature conditions. The alternating position
of each DAC relative to the x-ray beam spot was
performed by verticalmotion of the sample insert
(fig. S1). For a cross-check of data reliability, the
measurements were performed using two cryo-
magnet systems with different directions of the
external magnetic field: one for the horizontal
field directed along the x-ray beam, and another
for the vertical field perpendicular to the x-ray
beam. The measuring procedure was as follows:
First, the sample was cooled in zero magnetic
field down to the lowest temperature of 5 K. Then,
a magnetic field of about 0.7 T was applied. The
exact values of the external field were derived
from the measurements with the reference foil

(11) as 0.68 T and 0.65 T for the magnetic field
perpendicular and parallel to the sample plane,
respectively. After that, the NRS spectra were re-
corded at each temperature point while the tem-
perature was increased.
In the superconducting state of H2S, an ex-

ternal magnetic field applied perpendicular to
the sample did not penetrate to the 119Sn foil
(fig. S6). Therefore, the 119Sn nuclear ground (nu-
clear spin Ig = 1/2) and excited (Iex = 3/2) levels
are not split. The corresponding time spectra
show an exponential decay (Fig. 1B). When the
superconducting state is partially destroyed, the
magnetic field penetrates into the sample vol-
ume, and the nuclear levels of 119Sn become
split by the external magnetic field. For split
levels, NRS (14) involves several radiation com-
ponents with different energies. Their interfer-
ence leads to the quantum beats in the time
dependence of nuclear decay, and the beat period
is inversely proportional to the splitting of the
nuclear levels. In the time window available in
our measurements, the quantum beats are ob-
served by the appearance of the first beat min-
imum (Fig. 1A), with the position inversely
proportional to the value of magnetic field at the
119Sn nuclei. The exact data of the observed mag-
netic fields at tin nuclei were obtained by the
theoretical fit to the experimental data points
[red line in Fig. 1A; see (11, 17) for details].
Figure 3, A and B, shows the results obtained

with an external magnetic field of 0.68 T applied
along the x-ray beam (i.e., perpendicular to the
sample plane). In the range of 4.7 to 59 K, the
NRS spectra show an exponential decay, which
demonstrates that the magnetic field is com-
pletely expelled from the sensor. The screening
of the magnetic field at the 119Sn sensor is due

to the expulsion of the field in a superconduct-
ing H2S. At and above 100 K, quantum beats
appear, indicating that the external magnetic
field starts penetrating into the sensor foil. The
penetration of the magnetic field inside the 119Sn
foil increases gradually above 100 K. However,
even for the data point at 120 K, the magnetic
field on the sensor still does not reach the value
of the external magnetic field (Figs. 3A and 4A).
This demonstrates that the partial screening still
remains up to at least 120 K. The sample is in
the mixed superconducting state, and the amount
of the samples in the normal state increases
with temperature.
The distributions of magnetic flux at different

magnetic field directions for a finite-size super-
conducting sample have been carefully inves-
tigated theoretically (18–20). The calculations
show that the effect of strong expulsion of per-
pendicular magnetic field from the central part
of a finite-size type II superconductor could be
observed even if the first critical field is lower
than the external magnetic field.
In contrast to the case of the H2S sample, the

measurements of the reference sample showed
the quantum beats even at the lowest temper-
atures (Fig. 3B). This confirmed that the reference
119Sn foil is not in a superconducting state; there-
fore, the observed expulsion of the magnetic field
is associated only with the superconducting H2S.
A similar trendwas observed when an external

magnetic field of 0.65 T was applied vertically
(i.e., parallel to the sample plane) (Fig. 3, C and
D), although this case is more complicated be-
cause of the less favorable conditions of screening
(11). For all temperatures, the fit of the NRS
spectra for the H2S sample (Fig. 3C) reveals a
superposition of states with the zero and finite
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Fig. 2. Experimental mounts. (A)
Top: Tin foil sensor (seen as a black
square) immersed in liquefied
hydrogen sulfide in the just-clamped
DAC at pressures near ambient.
The photo in transmitted light was
taken in a special cryostat designed
for the cryogenic filling DAC. The
H2S sample size is approximately
30 mm. Bottom: The Raman
spectrum measured when filling
liquefied hydrogen sulfide into
DAC. The Raman line of diamond
(1333 cm−1) and the hydrogen
sulfide vibron (2571 cm−1) are clearly
visible in the spectrum. (B) Top:
Hydrogen sulfide at pressure of
153 GPa. The central well-reflecting
part is the superconducting phase
of H2S. The tin foil is located inside
the superconducting sample.
Bottom: The Raman spectrum
from the surface of the diamond
anvil taken over the central part is broadened by the pressure in the chamber. The right sharp edge of the spectrum indicates good hydrostatic conditions in the
sample. This spectrum was used to measure pressure during the experiment. (C) Top: The reference DAC. The central dark object is the tin foil in hydrogen at a
pressure of 150 GPa.The 119Sn sample size is about 20 to 35 mm. Bottom: The Raman spectrum contains the broadened line of the diamond anvils and the
hydrogen vibron.
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magnetic field. This suggests that the field can
partially penetrate into the sensor. In addition,
this effect can appear if the H2S sample is mixed
with the material of the gasket at the boundary
of the gasket hole, and the sampleH2S is a type II
superconductor. This allows the magnetic field
parallel to the surface of the anvil to penetrate into
the 119Sn foil. The value of the average magnetic

field inside H2S as a function of temperature is
shown in Fig. 4B. The increase of penetration of
the external magnetic field into the sensor foil
occurred at about 100 K. This is the same tem-
perature near which the transition was observed
with a perpendicular magnetic field (Fig. 4A).
Above 100 K, the fraction of the samples in the
normal state increased with temperature. How-

ever, even for the data point at 145 K, the mag-
netic field on the sensor still did not reach the
value of the external magnetic field (Figs. 3C and
4B). This shows that the partial screening still
remains at least up to 145 K. In contrast, the NRS
spectra measured for the reference 119Sn foil
reveal the absence of the superconducting state
for all temperatures (Fig. 3D). Additionally, this
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Fig. 3. Experimental NRS spectra.The time NRS
spectra from 119Sn in H2S at 153 GPa (left panels)
and in H2 at 150 GPa (right panels) in an external
magnetic field in the horizontal (top) and vertical
(bottom) field geometry. Dots (blue) are the ex-
perimental data; solid lines (red) are the fits by
the MOTIF software (17). Temperatures of the
samples and the values of magnetic fields at the
119Snnuclear site obtained from the fits are shown
to the right of the corresponding NRS spectra.
(A) Temperature evolution of the NRS spectra from
119Sn in H2S at pressure of 153 GPa and magnetic
field of 0.68 T (horizontal) between 4.7 and 120 K.
The pure exponential decay shown in curves 1 to 5
indicates that no magnetic field is present at the
119Sn nuclear sites. This proves that the external
magnetic field cannot penetrate through H2S, hence
it is a superconductor (expulsion of the magnetic
field). At 100 K, pronounced oscillations (quantum
beats) start to develop, revealing the occurrence of
a magnetic field at the sensor. (B) Temperature
evolution of the NRS spectra in the reference sam-
ple 119Sn in H2 at 150 GPa and magnetic field of
0.68 T (horizontal) at 4.7 and 14 K. The quantum
beats reveal the presence of a magnetic field at
the sensor. (C) Temperature evolution of the NRS
spectra of 119Sn in H2S at 153 GPa and magnetic
field of 0.65 T (vertical) between 5 and 145 K. As
temperature increases, the slowly developing quan-
tum beats indicate the decreasing screening of
the external magnetic field by the superconductor.
(D) Temperature evolution of the NRS spectra of
the reference sample 119Sn in H2 at 150 GPa and
magnetic field of 0.65 T (vertical) between 5 and
145 K.The quantum beats reveal the presence of a
magnetic field.

Fig. 4. Influence of temperature on magnetic
field inside H2S. The temperature dependence
of the magnetic field was determined from the NRS
spectra of the 119Sn sensor inside H2S at 153 GPa
(blue triangles) and the field at the reference sample
119Sn in H2 at 150 GPa (red dots). (A and B) Mea-
surements in the horizontal and vertical geometry
of the external magnetic field, respectively. Dashed
lines are guides to the eye. Some error bars are
smaller than the size of the symbols.
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confirms that the observed superconductivity of
the studied sample is related entirely to H2S.
Our results demonstrate that the supercon-

ducting H2S sample effectively shields the strong
magnetic field of about 0.7 T up to temperatures
of 90 to 100 K. The partial shielding of the mag-
netic field persists up to about 140K.This confirms
that H2S compressed to 150 GPa is the super-
conductor with the very high critical parameters.
Referring to data given in (10), it should be noted
that the resistivity measurements rely on the very
onset of the current percolation, whereas the
magnetic measurements require a somewhat
larger amount of the sample to be transformed
to the superconducting phase.
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NANOMATERIALS

Formation of pseudomorphic
nanocages from Cu2O nanocrystals
through anion exchange reactions
Hsin-Lun Wu, Ryota Sato, Atsushi Yamaguchi, Masato Kimura, Mitsutaka Haruta,
Hiroki Kurata, Toshiharu Teranishi*

The crystal structure of ionic nanocrystals (NCs) is usually controlled through reaction
temperature, according to their phase diagram. We show that when ionic NCs with different
shapes, but identical crystal structures, were subjected to anion exchange reactions under
ambient conditions, pseudomorphic products with different crystal systems were obtained.
The shape-dependent anionic framework (surface anion sublattice and stacking pattern) of
Cu2O NCs determined the crystal system of anion-exchanged products of CuxS nanocages.
This method enabled us to convert a body-centered cubic lattice into either a face-centered
cubic or a hexagonally close-packed lattice to form crystallographically unusual, multiply
twinned structures. Subsequent cation exchange reactions produced CdS nanocages while
preserving the multiply-twinned structures. A high-temperature stable phase such as wurtzite
ZnS was also obtained with this method at ambient conditions.

C
hemical conversion of semiconductor nano-
crystals (NCs) via ion-exchange reactions
can overcome the difficulties associated
with controlling the size, shape, chemical
composition, and crystal structure in con-

ventional syntheses (1–7). However, the crystal
structure transformation in ion-exchange reac-
tions is still not well understood. When the en-
tire crystal is in a structurally nonequilibrium
state in ion-exchange reactions, both the cations
and anions are mobile and can induce morpho-
logical changes to the thermodynamically more
stable shape before reaching the final equilib-
rium state. For ionic NCs above a critical size,
the anion framework remains intact, and the
original shape of the parent NCs is retained
throughout the cation-exchange reaction (8).
The retained shape of the parent NCs in ion
exchange provides an opportunity to obtain non-
equilibrium distinct structures and even new
structures of ionic NCs (9)—these final structures
being known as “pseudomorphs.”
We show, using Cu2O NCs with well-defined

shapes as parent NCs (10, 11), a distinctive shape-
dependent anionic frameworks–induced crystal
phase transition in anion-exchange reaction at
ambient conditions. Regular hexahedral (RH)
Cu2O NCs with a cubic phase were converted
into RH Cu1.8S nanocages with a cubic phase,
whereas rhombic dodecahedral (RD) Cu2O NCs
with a cubic phase were converted into RDCu1.75S
nanocages with a triclinic phase (12) after par-
tial anion-exchange reaction. The Cu2ONCs have
a body-centered cubic (bcc) anion sublattice,
but they were converted into the CuxS nano-
cages with either a face-centered cubic (fcc) or a
hexagonally close-packed (hcp) anion sublattice.

Furthermore, shape retention of the CuxS pseudo-
morphic nanocages after the Cu2O NCs provided
new multiply twinned structures consisting of
unusual connections between crystallographically
independent walls. Subsequent cation-exchange
reactions performed on RH and RD CuxS nano-
cages produced RH and RD CdS nanocages with
a zincblende and a wurtzite phase, respectively,
and preserved the pseudomorphic structures. The
wurtzite ZnS nanocages, which formed under
ambient conditions, are muchmore desirable for
their optical properties than are the zincblende
phases (13, 14), which are usually synthesized at
~600°C (15).
Scanning electron microscopy (SEM) images,

x-ray diffraction (XRD), and ultraviolet–visible–
near infrared (UV-Vis-NIR) spectra of the Cu2O
NCs and the CuxS andCdS pseudomorphic nano-
cages are shown in Fig. 1. All reactions were per-
formed under ambient conditions (16). Partial
anion-exchange reactions of the RH and RD
Cu2O NCs (Fig. 1, A to C) with Na2S gave cubic
RH Cu1.8S and triclinic RD Cu1.75S nanocages
(Fig. 1, D and E). The characteristic UV-Vis-NIR
spectra of the products (Fig. 1F) confirmed that
they were indeed CuxS nanocages (17). Subse-
quent cation exchange of RH Cu1.8S nanocages
with Cd2+ generated the zincblende RH CdS as
majority (Fig. 1, G and H). More accurately, the
XRD pattern (Fig. 1H) reflects the large amount
of twinning in the RH nanocages, and heavily
twinned fcc shows up as hcp. On the other hand,
the cation exchange of RD Cu1.75S nanocages
with Cd2+ generated the wurtzite RD CdS nano-
cages. TheUV-Vis-NIR spectra displayed the char-
acteristic semiconducting CdS phase (Fig. 1I).
Low-magnification SEM images of the CuxS and
CdS nanocages are presented in fig. S1.
The overall phase transitions starting from the

RH and RD Cu2O NCs are illustrated schemati-
cally in Fig. 2. The RH Cu2O NCs, which were
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enclosed by six {100} facets (anionic framework:
C4 symmetry, AB stacking), were converted into
RHCu1.8S nanocages with a cubic phase (C4 sym-
metry, AB stacking), whereas the RD Cu2O NCs,
which were enclosed by twelve {110} facets (C2
symmetry, AB stacking), were converted into
RD Cu1.75S nanocages with a triclinic phase (C2 sym-
metry, ABA′B′ stacking) (12). Subsequent cation-
exchange reactions, inwhich the Cu+was replaced
with Cd2+, predominantly conserved the anionic
frameworks (5, 6, 18); that is, the RH Cu1.8S nano-
cages produced RH CdS nanocages with a cubic
zincblende phase (C4 symmetry, AB stacking),
and the Cu1.75S nanocages producedRDCdSnano-
cages with a hexagonal wurtzite phase (C2 sym-
metry, AB stacking).
A detailed examination of the nanocage crystal

structures by means of transmission electron
microscopy (TEM) revealed that the walls con-
sisted of lattice structures with unusual direc-
tions and distinctive interwall crystallographic

connections. Images of RH Cu1.8S and CdS nano-
cages are shown in Fig. 3, A and G, respectively,
and the corresponding nanobeam diffraction
(NBD) patterns from the center of single RH
Cu1.8S and CdS nanocages are shown in Fig. 3,
B and H, respectively. The high-resolution TEM
(HR-TEM) image (Fig. 3A, white square region)
shown in Fig. 3C revealed lattice fringe spacing
of 0.28 and 0.19 nm, corresponding to the (200)
and (220) lattice planes of a cubic phase, respec-
tively, indicating that the faces of the walls were
the (001) planes. TheHR-TEM image of the walls
of the Cu1.8S nanocages revealed a cubic phase
with a [110] direction to the edge and a [100]
direction to the corner (Fig. 3A, yellow arrow).
Crystal planes in RH nanostructures with a cubic
phase normally displayed a [110] direction par-
allel to the diagonal line and a [100] direction
parallel to the edge line.
Because of the pseudomorphic transformation

in anion exchange reaction, the walls in our RH

Cu1.8S nanocages are inclined 45° to commonly
observed lattice planes (19). The crystal structure
of the walls of the nanostructures viewed over
the faces and the sides is shown in Fig. 4. The
anion sublattice viewed over the face of the RH
Cu2O NC (Fig. 4A) has a bcc structure, whereas
the anion sublattice of the RH Cu1.8S nanocage
(Fig. 4B) has an fcc structure. Both unit cells
displayed a similar anionic framework, but the
Cu1.8S unit cell was rotated 45° with respect to
the Cu2O unit cell. The rotation observed in the
unit cell of the RH Cu1.8S nanocages was caused
by the similarity of the surface anion sublattice
symmetry and stacking way to those of the RH
Cu2O NCs.
To understand the crystallographic relation

between the neighboring walls of the nanocages,
we took the fast Fourier transform (FFT) pat-
terns from the face and side of the wall (Fig. 4B).
As discussed previously, the face of the RHCu1.8S
nanocage was assigned to the (001) plane, and
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Fig. 1. Characterization and optical properties of the nanostructures.
(A) SEM images, (B) XRD patterns, and (C) UV-Vis-NIR spectra of the RH and
RD Cu2O NCs. The UV-Vis-NIR spectra show the characteristic extinction
feature of Cu2O NCs, in which a band-gap absorption band was observed at
~450 nm (10). (D) SEM images, (E) XRD patterns, and (F) UV-Vis-NIR spectra
of the CuxS pseudomorphic nanocages obtained through partially sulfiding

Cu2O NCs with Na2S solution to form Cu2O-CuxS core-shell (Cu2O@CuxS)
NCs, followed by etching the interior Cu2O cores with HCl solution. (G) SEM
images, (H) XRD patterns, and (I) UV-Vis-NIR spectra of the CdS pseudomorphic
nanocages obtained through further cation exchange of the CuxS nanocages with
Cd2+ (8). The UV-Vis-NIR spectra show the clear band-gap absorption bands
characteristic of CdS nanocages at ~460 nm (22).
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the [100] and [110] directions were parallel to the
diagonal and edge lines, respectively. The FFT
pattern of the side revealed that the wall was
formed by stacking the (100) planes in the [100]
direction and that the wall sides were composed
of stacked (110) planes in the [110] direction.
Thus, the (001) face of a single wall was parallel
to the (011) side of the neighboringwall,meaning
that each wall was crystallographically indepen-
dent. Thus, single-crystal Cu2O was converted
into multiply twinned Cu1.8S through the anion-
exchange reaction. The speculated connections
between theneighboringwalls aredepicted schem-
atically in fig. S2A, in which the (001) and (011)
faces are connected through a coherent junction
with similarly arranged anions. Subsequent cation
exchange reaction, in which Cd2+ replaced Cu+,
preserved the unusual directions and distinc-
tive interwall crystallographic connections. The
HR-TEM image of the RH CdS nanocage re-
vealed lattice fringe spacing of 0.28 and 0.22 nm,
corresponding to (200) and (220) lattice planes
of zincblende CdS, respectively (Fig. 3I). The FFT
patterns of the face and side of the walls of the
RH CdS nanocage (Fig. 4C) were similar to those
of the RH Cu1.8S nanocage. The unusual rotation
of the unit cell was maintained, suggesting that
the RH CdS nanocages had a similar interwall
connection (fig. S2A). Moreover, the sides of the
walls displayed a similar lattice stacking way (AB)
after the ion-exchange reactions (Fig. 4, A to C).
Details of the structural transformations that

occurred to the RD Cu2O NCs after the ion ex-
changewere revealed through TEM images; those
for RD Cu1.75S and CdS nanocages are shown in
Fig. 3, D and J, respectively. The corresponding
NBD patterns from the center of single RD Cu1.75S
and CdS nanocages are shown in Fig. 3, E and K,
respectively. TheHR-TEM image (Fig. 3D, square
region) shown in Fig. 3F revealed lattice fringe
spacing of 0.33 and 0.19 nm, corresponding to
the (400) and ð008Þ lattice planes of a triclinic
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Fig. 2. Schematic illustration for phase transitions induced by the shape-dependent anionic frameworks in anion-exchange reactions and the
subsequent cation-exchange reactions. The crystal structures are projections of the crystal lattice on the faces. Information in parentheses below
each structure stands for the symmetry and the stacking way of surface anion sublattices.

Fig. 3. Crystal structure analyses of the walls of nanocages. (A and G) TEM images and (B and H)
the corresponding NBD patterns viewed over the {200} facets of a single-RH Cu1.8S and CdS nano-
cages, respectively. The NBD spot patterns indicate that the walls of the nanocages are single-crystalline.
(C and I) HR-TEM images of the square regions of the RH Cu1.8S nanocage in (A) and the RH CdS
nanocage in (G). (D and J) TEM images and (E and K) the corresponding NBD patterns viewed over
the {040} and {0002} facets of a single-RD Cu1.75S and CdS nanocages, respectively. The NBD spot
patterns also indicate that the walls of the nanocages are single-crystalline, as observed in RH nano-
cages. (F and L) HR-TEM images of the square regions of the RD Cu1.8S nanocage in (D) and the RD CdS
nanocage in (J).
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Fig. 4. Comparison of surface anion sublattice symmetry and stacking
way of nanostructures. (A to C) The anion sublattices viewed over the faces
of (A) the RH Cu2O NC (bcc structure), with a [100] direction to the edge and
a [110] direction to the corner of the wall; (B) the RH Cu1.8S nanocage (fcc
structure),with a [110] direction to the edge and a [100] direction to the corner
of the wall; and (C) the RHCdS nanocage (fcc structure), with a [110] direction
to the edge and a [100] direction to the corner of thewall.The sides of thewalls

showed the similar lattice stackingway (AB) after a sequence of the ion-exchange
reactions. (D to F) The anion sublattices viewed over the faces of (D) the RDCu2O
NC (bcc structure), with [011] direction to a (011) plane; (E) the RD Cu1.75S
nanocage (hcp-like structure), with [100] direction to a (010) plane; and (F)
the RD CdS nanocage (hcp structure), with ½0110� direction to a (0001) plane.
The lattice stackingway (AB) of thewalls is also unchanged after a sequence of
the ion-exchange reactions.
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phase, respectively (12), indicating that the faces
of the walls were the (010) planes. The anion
sublattice viewed over the face of the RD Cu2O
NC displayed a twofold symmetry (AB stacking),
with a bcc structure (Fig. 4D). The anion sub-
lattice of the (010) face of the RD Cu1.75S nanocage
displayed a superimposed pseudohexagonal
symmetry—more precisely, C2 symmetry (ABA′B′
stacking), with an hcp-like structure (Fig. 4E).
The similarities between the surface anion

sublattice symmetries and stacking way indicated
that it was possible to transform the crystal struc-
ture from a cubic Cu2O to triclinic Cu1.75S struc-
ture via anion-exchange reactionwhilemaintaining
the shape. The pseudohexagonal symmetry of
the anion sublattice in Cu1.75S was similar to that
of a hexagonally symmetrical (0001) plane (AB
stacking) of a wurtzite structure. Thus, RD CdS
nanocages with a wurtzite structure could be
formed by further cation-exchange reaction of
the RD Cu1.75S nanocages even at ambient tem-
perature (Fig. 4F). The HR-TEM image of the
RDCdS nanocage (Fig. 3L) displayed lattice fringe
spacing of 0.36 and 0.21 nm, corresponding to
ð1010Þ and ð1120Þ lattice planes of a wurtzite
CdS nanocage, respectively. The crystallographic
relation between the neighboringwalls of theRD
nanocages was determined from the FFT patterns
of the faces and sides of the walls (Fig. 4, E and F).
Similar to the RH nanocages, the RD nanocages
were also composed of crystallographically inde-
pendent or polycrystalline walls, induced by the
pseudomorphic transformation in anion-exchange
reaction. The connection between neighboring
walls is depicted schematically in fig. S2B. The
lattice stacking way (AB) of the walls was also
unchanged after the ion-exchange reactions
(Fig. 4, D to F). Although the anion sublattices
of the Cu1.75S nanocage in layer A′ and B′ are
slightly distorted (fig. S3), the symmetry of the
anion sublattices still closely resembles the layers
A and B. In addition, the volumes of the ion-
exchanged products expanded because of the
larger radii of S2– and Cd2+ (table S1) (20).
One of the advantages of this phase-transition

method is to selectively obtain polymorphic crys-
tal phases at ambient conditions. The phase tran-
sition from a zincblende to wurtzite structure of
ZnS takes place at 1020°C. With this phase tran-
sition method, ZnS with a zincblende and a
wurtzite phase could both be obtained, even at
room temperature. We conducted the pseudo-
morphic transformation of the RH and RD Cu2O
to CuxS and further to ZnS under ambient con-
ditions. The SEM and TEM images of the re-
sulting ZnS nanocages are shown in fig. S4A.
Similar to the case of the CdS nanocages, sub-
sequent cation exchange reactions of RH Cu1.8S
and RD Cu1.75S nanocages with Zn2+ are likely
to give the zincblende RH ZnS and the wurtzite
RD ZnS nanocages, respectively (fig. S4B). The
UV-Vis-NIR spectra displayed the characteristic
semiconducting ZnS phase (fig. S4C) but showed
weakly localized surface plasmon resonance peaks
in both ZnS nanocages, indicating that small
amounts of the CuxS phases were present (21).
The complete cation exchange did not proceed,

but we could demonstrate the potential of our
method to produce the unobtainable crystal
phases under ambient conditions.
We emphasize that the validity of our obser-

vation is strongly supported by the previous re-
port (4) that demonstrated an anion exchange of
the hexagonal pyramid–shaped ZnO NCs with a
wurtzite phase to the ZnS hollow NCs with a
wurtzite phase. We envisage that this pseudo-
morphic transformation method could be appli-
cable to a number of other ionic NCs at ambient
temperatures, even if they are high-temperature
stable phases such as wurtzite ZnS.
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HYDROGEN BONDING

Concerted hydrogen-bond breaking
by quantum tunneling in the water
hexamer prism
Jeremy O. Richardson,1,2* Cristóbal Pérez,3† Simon Lobsiger,3 Adam A. Reid,1‡
Berhane Temelso,4 George C. Shields,4 Zbigniew Kisiel,5 David J. Wales,1

Brooks H. Pate,3* Stuart C. Althorpe1*

The nature of the intermolecular forces between water molecules is the same in small
hydrogen-bonded clusters as in the bulk. The rotational spectra of the clusters therefore give
insight into the intermolecular forces present in liquid water and ice.The water hexamer is the
smallest water cluster to support low-energy structures with branched three-dimensional
hydrogen-bond networks, rather than cyclic two-dimensional topologies. Here we report
measurements of splitting patterns in rotational transitions of the water hexamer prism, and
we used quantum simulations to show that they result from geared and antigeared rotations
of a pair of water molecules. Unlike previously reported tunneling motions in water clusters,
the geared motion involves the concerted breaking of two hydrogen bonds. Similar types of
motion may be feasible in interfacial and confined water.

I
n addition to its bulk phases, water can form
small gas-phase clusters (H2O)n, in which the
molecules are held together by a network of
hydrogen bonds. The cluster dynamics can be
probed by high-resolution rovibrational spec-

troscopy (1–9) and interpreted by theoretical sim-
ulations (10–27). The nature of the interactions
between the water molecules is the same in the
clusters as in the bulk (many-body forces beyond
the three-body term are relatively weak) (28), and

hence the cluster spectra canbe used to test univer-
salmodels (25, 29–32) of thewater intermolecular
potential energy surface, giving insight into hy-
drogen bonding in all phases of water. At low
temperatures, the molecules are frozen into a net-
work and canonly rearrangebyquantumtunneling,
which causes splittings in the spectrum ranging
from megahertz to terahertz (33). Quantum
simulations (10–27) have identified rearrange-
ments that involve freehydrogen flips that breakno
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hydrogen bonds, and bifurcations that break one
bond (2).
Here we report observation of a tunneling mo-

tion that concertedly breaks two hydrogen bonds
in a water cluster. The hexamer is the smallest
cluster with a branched three-dimensional equi-
librium geometry (5) and has thus been dubbed
the smallest droplet of water. It has a variety of
isomers (12–14, 21, 34–36), of which the spec-
trum of the lowest-energy prism isomer, PR1 of
Fig. 1 (see the supplementary materials for a dis-
cussionof otherprism isomers),was recently found
to show a splitting pattern, whichwas attributed to
tunneling (6). Here we report new measurements
and quantum simulations on PR1 that uncover
the dynamics responsible for the splittings.
Tunneling in water clusters occurs when the

molecules in their equilibriumgeometry rearrange
to produce an equivalent structure, by permuting
equivalent atomsor inverting the structure through
its center of mass. These geometrically identical
structures (which can be distinguished only by la-
beling the atoms and specifying the chirality) are
termed versions. The number of versions is equal
to the size of the group of all nuclear permutations
and inversions (37),which forPR1gives anenormous
total of 2 × 6! × 12! ≃ 1012. However, only versions
linked by short and energetically accessible tun-
neling pathways produce observable splittings.We
therefore need to consider only pathways that
rotate the water molecules within the structure, be-
cause these avoid breaking covalent bonds. For
smaller clusters, these rules are sufficient to assign
tunneling splittings (2, 15, 16, 20, 27). However, for
PR1, the size of the space left to explore is still vast.
To narrow down further the number of likely

tunneling pathways, we measured the rotational
spectra of all 64 isotopologs of the hexamer PR1
prismwith the formula (H2

18O)n(H2
16O)6−n (n ¼

0…6); these are presented in tables S5 to S68.
Figure 2A shows the tunneling patterns for three
a-type rotational transitions of the (H2

16O)6 clus-
ter. These spectra show the characteristic splitting
pattern previously observed (6). Isotopic substitu-
tion destroys this pattern, except in (H2

18O)6 and
in the six doubly substituted isotopologs shown
in Fig. 2B. This tells us immediately that the tun-
neling paths must rearrange two separate water
molecules in the structure, ruling outmotions such
as the flip and bifurcation observed in other water
clusters (2, 15, 16, 20, 27). Closer inspection shows
that the observed splitting is slightly reducedwhen
the A+D dimer is substituted with the heavier iso-
tope; the composition of the remaining tetramer

portion of the cluster does not affect the splitting.
The tunneling motion must therefore involve re-
arrangements of molecules A and D, and the dyna-
mics areprobably localized in this part of the cluster.
To elucidate the dynamics further, it was nec-

essary to carry out quantum simulations on an
accurate potential energy surface. Full quantum
calculations are impossible for this 48-degrees-
of-freedomproblem, sowe used the ring-polymer
instanton (RPI) method (27, 38, 39). This method
assumes that the tunneling canbe approximatedby
fluctuations around the minimum-action or instan-
ton paths connecting different versions (40). The
instantonpath is foundbyminimizing thepotential
energy of a fictitious polymer formed by linking
replicas of the system by harmonic springs. Previous
studies on other water clusters (27, 39) have shown
that this method correctly predicts the pattern and
order ofmagnitude of the tunneling splittings and
that the instanton paths give a useful representa-
tion of the tunneling dynamics. Further details of
the RPI method are given in the supplementary
materials. The potential energy surface used was
the HBB2-pol surface (31); we also made compar-
isons with the MB-pol surface (32) and found no
major qualitative differences in the results (table S1).
Because the space of possible tunneling paths is

vast, it is necessary to have an idea of the starting
path, which can then be refined using the RPI
method. Initially, we considered paths that re-
semble the flip motions observed in other water
clusters,which involve thewagof a non–hydrogen-
bonded H atom. No single flip connects versions
in the hexamer prism, but a double flip corre-
sponding to the permutationPa ¼ ðADÞðBFÞðCEÞ
ð1 7Þð2 8Þð3 11Þð4 12Þð5 9Þð6 10Þ (using the label-
ing in Fig. 1) does. The resulting instanton path is
shown in Fig. 3A (and the corresponding transition
state is shown in fig. S1A). Unlike single flips, this
double flip breaks one hydrogen bond. We call
this the antigeared path because the H-1 atom
rotates out of its hydrogen bond in the opposite
sense toH-7 (which rotates in to forma hydrogen
bond with O-A).
Because P2

a ¼ E (the identity), it follows that
the antigeared path gives a simple doublet split-
ting pattern. Now, Pa is the only permutation
that breaks no more than one hydrogen bond.
Hence the observed pattern (Fig. 2A), in which
the doublet is split further into six lines, implies
that, unlike other water clusters, the PR1 hexamer
supports tunneling paths that break two ormore
hydrogen bonds. In other water clusters, the next
most feasible tunneling pathways after the flips
are bifurcations, in which an H atom rotates
away from its hydrogen bond and is replaced
by the other H atom on the same watermolecule
(15). This mechanism breaks only one hydrogen
bond in the trimer, but in PR1, owing to its three-
dimensional structure, such a bifurcation rear-
rangementmust break at least twohydrogenbonds.
We located a variety of single-bifurcation tunnel-
ing pathways but found that, as in the water octa-
mer (39), the resulting instanton tunneling splittings
were tiny, indicating that thesepaths areunfeasible.
However, we found that there exists a single fea-
sible pathway that combines a double flip with a

bifurcation, corresponding to the permutationPg ¼
ðADÞ ðBFÞ ðCEÞ ð1 8 2 7Þ ð3 11Þ ð4 12Þ ð5 9Þ ð6 10Þ.
This path also breaks two hydrogen bonds, but
surprisingly, the resulting instanton pathway (Fig.
3B) gives a small but observable tunneling split-
ting. This is because it describes a geared pathway,
in which atoms H-1 and H-7 rotate in the same
sense, resulting in a reduction in energy, which
offsets the increase in energy required to break
the additional H-2⋯O-B hydrogen bond.
The combination of both the geared and anti-

geared pathways explains the doublet-of-triplets
splitting observed in the spectrum. Pa and Pg

generate a group of permutations (described in
the supplementarymaterials), which link together
eight versions of the prism; Fig. 4A shows the
graph that represents the connections between
versions associatedwith these two tunneling path-
ways. To predict the splitting pattern, we must
first obtain the energy levels by diagonalizing the
tunneling matrix h (Fig. 4B), in which every con-
nection in the graph is represented by a matrix
element hij (where i; j ¼ 1;…; 8 label the ver-
sions). These elements were calculated using a
normal-mode analysis of the ring-polymer instan-
tons (27, 38). Elements corresponding to a direct
link by a single instanton path gave the values ha ¼
−0:88 MHz (antigeared) and hg ¼ −0:15 MHz
(geared); all other permutations in the groupwere
found to give negligibly small values of hij , which
were thus set to zero. The resulting energy-level
splitting obtained by diagonalizing the tunneling
matrix is given in Fig. 4C. A symmetry analysis of
the nonrigid cluster (37) shows that the eigen-
functions of the tunneling matrix transform as
irreducible representations of a group isomorphic
to the D2d point group. We can therefore assign
symmetry labels to the levels (Fig. 4C).
In the hexamer prism, the energy-level splittings

caused by tunneling (on the order of megahertz)
are significantly smaller than the energy separation
for the rotational energy levels (several gigahertz).
Therefore, it is appropriate to consider a tun-
neling energy level pattern for each different
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Fig. 1. Minimum-energy structure of the PR1
prism isomer of the water hexamer.The labels
define one version (i.e., arrangement of the atoms),
which can tunnel to other versions by permuting
identical atomic nuclei within the structure.
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rotational level; these patterns can have a slight
dependence on the rotational quantum numbers,
as suggested by Fig. 2A. To obtain the splitting
pattern in the rotational spectrum that consists
of transitions between the tunneling states for
different rotational levels, we note that ma trans-
forms as B2 and only allows strong transitions
between the tunneling states A1↔B2, A2↔B1,
andEð1Þ↔Eð2Þ. These transitions give the doublet-
of-triplet splitting pattern shown in Fig. 4D, and
the amplitudes of the pattern are obtained from
the nuclear-spin statistics. As explained in the
supplementary materials, there are also some
pure rotational transitions, which are not rigor-
ously forbidden by symmetry but contribute only
weakly to a small central peak, and evidence of
these nominally forbidden transitions appears in

Fig. 2. As shown inFig. 4D, the theoretical splitting
pattern qualitatively reproduces the experimental-
ly observed splitting pattern but is about twice as
wide. An analysis of the J-dependent geared and
antigeared tunneling matrix elements, presented
in the supplementary materials, gives the values
of ha ¼ −0:382 MHz and hg ¼ −0:073 MHz for
the ground state, which can be compared directly
to the theoretical values given above. The ratio of
the theoretical matrix elements hg : ha is 1 : 5:8
and in excellent agreement with the experimen-
tal value of 1 : 5:2. Furthermore, full isotopic sub-
stitution of 16O with 18O is found to reduce the
predicted tunneling matrix elements to 85% of
their value, indicating a slight participation of the
heavy oxygen-atom framework during tunneling.
This is confirmed by the experimental tunneling

splittings (Fig. 2B), which are proportional to the
tunneling matrix elements, where the observed
reduction is 84%. This level of agreement is good
for an instanton calculation and is consistent
with previous applications to other water clusters
(27, 39), where the main errors in the instanton
calculation were attributed to neglect of anhar-
monicity in the fluctuations around the instanton,
along with rotation-tunneling coupling. This im-
plies that the potential energy surfaces give an
excellent description of the intermolecular forces,
and we can be confident that the geared and anti-
geared tunneling pathways in Fig. 3 correctly de-
scribe the tunneling responsible for the observed
splittings.
Plots of the potential energy along the tunnel-

ing paths (Fig. 3) show striking differences between
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Fig. 2. Rotational spectral evidence for tunneling. (A) Three spectra for the

(H2
16O)6 PR1 prism, showing the doublet-of-triplets splitting pattern attributed

to tunneling.The rotational levels involved in each transition are denoted using
the standard asymmetric top notation, JKaKc . The labeled frequency is the
asymmetric-top rotational transition frequency, and the tunneling pattern is
symmetric around this frequency. (B) The 303−202 spectra for the eight
isotopologs (of 64 possible) that display tunneling.Tunneling is observed for

both the (H2
16O)6 transition centered at 8003.50MHz (black trace) and the

(H2
18O)6 transition centered at 7223.27 MHz (red trace), and the width of the

splitting pattern is reduced for the heavier isotopolog. The other isotopologs

that show tunneling have either two H2
18O substitutions in the (H2

16O)6

structure (top row) or two H2
16O substitutions in the (H2

18O)6 cluster
(bottom row). The substituted positions are depicted by the molecular struc-
tures at the bottom. All six of the doubly substituted clusters have a tunneling

splitting (green and blue traces) that matches either the (H2
16O)6 or (H2

18O)6
clusters, as shown by the overlay of these spectra. All four spectra where water

molecules A+DareH2
16O have the same, larger splitting (black trace),whereas

all four clusters where A+D are H2
18O have the reduced tunneling splitting (red

trace). The additional transitions observed in the doubly substituted spectra
come from rotational transitions of other water cluster isotopologs and are not
part of the tunneling-splitting pattern.The tick marks in all panels have 1-MHz
spacing.
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the instanton and minimum-energy paths. The
mass-weighted length of the minimum-energy
path is four times that of the instanton path for
the antigeared pathway and twice that for the
geared. A naïve one-dimensional analysis using
the minimum-energy paths might conclude that
the geared tunneling is more facile than the anti-
geared (because the effective barrier ismuch thin-
ner), and that in either case the splitting pattern
is probably too small to be observed on account
of the long tunneling pathways. That the splittings
are observable and that the ratio is the other way

around are the result of corner-cutting by the instan-
ton pathway (40). Unlike the minimum-energy
path, it bypasses the transition state in order to
avoid the penalty in the action associated with
moving the heavy oxygen atoms.
It is likely that other prism clusters, such as the

pentagonal prism decamer, could exhibit similar
pathways. These results also raise the possibility
that the rearrangement dynamics of water in in-
terfacial (41, 42) or confined environmentsmight
also involve similar concerted breaking of two (or
more) hydrogen bonds.
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Fig. 4.Origin of the splitting pattern. (A) Graph showing how the versions (vertices) are connected by the
tunneling paths (antigeared, solid lines; geared, dotted lines). Diagonalization of the associated tunneling
matrix,h, defined in (B) splits the ground-state energy level as shown in (C),where the symmetry is also given
with its nuclear-spin degeneracy as a superscript.The states labeled Eð1Þ and Eð2Þ both have symmetry E.The

rotational spectrum involves transitions between the tunneling-level patterns for different rotational energy
levels. The resulting tunneling-splitting pattern centered on the expected rotational transition frequency is
2ha þ 4hg, 2ha, 2ha−4hg, −2ha þ 4hg, −2ha, −2ha−4hg, where ha and hg are the average values of the
antigearedandgeared tunnelingmatrixelements in the rotational energy levels for the spectroscopic transition.
This spectral pattern is plotted in (D) using the theoretical matrix elements as the average values in the
rotational levels and is compared with the measured 101−000 transition (represented to scale). This ex-
plains the observed doublet-of-triplets splitting pattern,where the outermost lines are considerably smaller.

Fig. 3. Instanton tunneling pathways in the water hexamer prism. (A) Antigeared and (B) geared var-
iations.The pathways are shown as conflated snapshots of replicas of the system obtained from ring-polymer
representations of the instantons. The geared pathway involves the concerted breaking of two hydrogen bonds.
(C)Variationof thepotential energyalong the instantonpaths (solid lines) andminimum-energypaths (dashed
lines), where r is the integrated mass-weighted path length and V is the potential energy along the path.
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IONIC MATERIALS

Pure H– conduction in oxyhydrides
Genki Kobayashi,1,2* Yoyo Hinuma,3 Shinji Matsuoka,4 Akihiro Watanabe,1,4

Muhammad Iqbal,4 Masaaki Hirayama,4 Masao Yonemura,5 Takashi Kamiyama,5

Isao Tanaka,3 Ryoji Kanno4*

A variety of proton (H+)–conducting oxides are known, including those used in
electrochemical devices such as fuel cells. In contrast, pure H– conduction, not mixed
with electron conduction, has not been demonstrated for oxide-based materials.
Considering that hydride ions have an ionic size appropriate for fast transport and
also a strong reducing ability suitable for high-energy storage and conversion devices,
we prepared a series of K2NiF4-type oxyhydrides, La2-x-ySrx+yLiH1-x+yO3-y, in the hope of
observing such H– conductors. The performance of an all-solid-state TiH2/o-La2LiHO3

(x = y = 0, o: orthorhombic)/Ti cell provided conclusive evidence of pure H– conduction.

E
lectric conduction is generally classified into
two categories, electronic and ionic, which
are attributed to the transport of electrons
and ions in materials, respectively. Ionic
charge carriers include a variety of species,

such as Li+, H+, Ag+, Cu+, F–, and O2–, and their
conductors have found applications in energy
devices such as fuel cells and batteries (1–5), for
example. The conduction of hydride ions, H–, is
also attractive. These are similar in size to oxide
and fluoride ions (6) and show strong reducing
properties with a standard redox potential of
H–/H2 (–2.3 V), which is close to that ofMg/Mg2+

(–2.4 V). Hydride ion conductors may therefore
be applied in energy storage and conversion de-
vices with high energy densities.
In contrast to proton conduction that takes

placewidely in oxides (7) and other systems, pure
H– conduction has been verified only for a few
hydrides of alkaline earth metals such as BaH2

(8–13). Unfortunately, utilization of the hydrides
is difficult because of their structural inflexibility,
which makes control of the lattice structure to
create smooth transport pathways and control of
the conducting hydride ion content difficult. We
have considered oxyhydrides, where hydride ions
and oxide ions share the anion sublattices, as can-
didate hydride conductors equipped with flexible
anion sublattices. Known oxyhydrides include
A2BHxO4-x (K2NiF4 structure; A: La, Ce, Nd, Pr, Sr;
B: Co, V, Li; 0<x≤ 1), Sr3Co2O4.33H0.84 (Ruddlesden-
Popper structure), ATiO3-xHx (perovskite struc-
ture; A: Ba, Sr, Ca) (14–19), and [Ca24Al28O64]

4+·4H–

(mayenite structure) (20–22). However, none of
these displays pure H– conductivity.
Hydride ions have been reported to act as elec-

tron donors in oxide-based materials (20–24),
transferring electrons from hydride ions to the
lattice. This causes conduction of electrons ac-
companied by a characteristic change in the hy-
drogencharge fromH– toH+. Indeed, theperovskite
and mayenite-type oxyhydrides are dominated
by electron conduction caused by the dissocia-
tion of hydride ions into electrons and protons
(16, 20–22, 25). Taking this into consideration,
preventing electron donation from hydride
ions in the crystal lattice may be important
for achieving pure H– conduction in the oxide
framework structure. In this study, we attempted
to prepare a series of K2NiF4-type oxyhydrides,
La2-x-ySrx+yLiH1-x+yO3-y (0 ≤ x ≤ 1, 0 ≤ y ≤ 2, 0 ≤
x + y ≤ 2), which are equipped with cation sub-
lattices featuring cationsmore electron-donating
than H– and anion sublattices that exhibit flex-
ibility in the storage of H–, O2–, and vacancies.
To aid in the understanding of the compositional

and structural features of the present system, a few
representative examples are shownbelow:La2LiHO3

(x=y=0), Sr2LiH3O (x=0,y=2), La2-xSrxLiH1-xO3

(0 ≤ x ≤ 1, y = 0), and La1-xSr1+xLiH2-xO2 (0 ≤ x ≤
1, y = 1). Solid solutions between La2LiHO3 and
Sr2LiH3O are represented as La2-ySryLiH1+yO3-y

(x = 0, 0 ≤ y ≤ 2). Here, the H:O ratio changes
accordingly as La is substituted with Sr, maintain-
ing the simple A2BX4 composition (A: La, Sr; B: Li;
X:O,H). In La2-xSrxLiH1-xO3 andLa1-xSr1+xLiH2-xO2,
by contrast, the anion sublattice contains vacan-
cies. Several starting compositions (see table S1)
contained in the colored compositional range in
Fig. 1A were synthesized by treating the appropri-
ate starting materials in sealed Au capsules at
high pressure and high temperature (26).
The x-ray diffraction (XRD)pattern of La2LiHO3

(x = y = 0) could be assigned to the K2NiF4-type
structure, but the lattice symmetry was found to
change between tetragonal (I4/mmm, t-La2LiHO3)
and orthorhombic (Immm, o-La2LiHO3), depending
on certain experimental factors, including the LiH/
La2O3 ratio of the startingmaterials (1/1 and 2/ 1 for
t- and o-La2LiHO3, respectively), heating temper-
ature, and pressure (fig. S1). All other samples

were prepared under the same conditions as out-
lined for o-La2LiHO3. Regarding the Sr-substituted
series of La2-ySryLiH1+yO3-y, the diffraction peaks
continuously shifted to lower angles with increas-
ing y (Fig. 1B) and the lattice symmetry changed
from Immm (y < 1) to I4/mmm (y ≥ 1) (Fig. 1C).
The compositions and structures of La2-ySry

LiH1+yO3-y (y = 0, 1, 2) were determined by x-ray
and neutron Rietveld analyses. Details of the
analyses are given in figs. S2 and S3, in tables
S2 and S3, and in the supplementary text. In
La2LiHO3, the two apical sites of the LiX6 octa-
hedra are occupied only by O2–, as illustrated
schematically in Fig. 2, whereas the four in-plane
apexes are occupied by O2– and H–. These results
indicate that the highly charged cations (i.e., La3+

and Sr2+) require highly charged anions around
them. LaSrLiH2O2 is composed of tetragonal
(LiH2)

– and (LaSrO2)
+ layers alternately stacked

along the c axis. The further increase in hydride
content up to Sr2LiH3O results in the formation
of (Sr2HO)+ layers. In the series of compositions,
we note here that there exists a K2NiF4-type, H

––
free oxide, La2LiO3.5, in which the anion vacancies
are randomly distributed in the basal (LiO0.75)

0.5-

layers (27).
It is notable that t-La2LiHO3 contains anion

vacancies (V(H,O)) with the chemical formula
La2Li(H0.53O1.21V(H,O)0.26)O2, exhibiting H–, O2–,
and V(H,O) disorder at the axial sites of the LiX6

octahedra. In contrast, the orthorhombic phase,
o-La2LiHO3, is stoichiometric, and H– and O2– are
ordered on the axial anion sites. The symmetry
change can be attributed to the order-disorder
transition ofH– andO2– in the axial sites, bothwith
and without vacancies. The XRD results for a
pair of anion-deficient series, La2-xSrxLiH1-xO3

and La1-xSr1+xLiH2-xO2, are shown in figs. S4 and
S5. The occupancy parameters determined by a
neutron Rietveld analysis for La0.7Sr1.3LiH1.7O2

(x = 0.3, y = 1) of gH1 = 0.938(2), gH2 = 0.118(3),
and gO1 = 0.882(3) lead to a composition of
La0.7Sr1.3Li(H1.88V(H)0.12)H0.24O1.76 (fig. S6 and ta-
ble S4). A vacancy was introduced with x at the
LiH4 plane together withH–/O2– anionmixing at
the apical sites.
The valence state of each constituent atomwas

estimated forLa2LiHO3, LaSrLiH2O2, andSr2LiH3O
by means of valence charge integration over its
Voronoi cell (table S5). The valences of hydrogen
and oxygen in all materials were estimated as
approximately –0.8 to –1.0 and –1.3 to –1.6, re-
spectively, which indicates that these elements
exist as H– and O2–. Electronic density of states
calculations also corroborate the presence of hy-
dride ions, as can be seen in fig. S7, where these
ionshave localizedelectronsbetweenapproximately
0 and –5 eV below the Fermi level. The Li–H–

bond was confirmed to be ionic in nature.
The conductivities of the oxyhydrides were es-

timated from the impedance plots, which are char-
acteristic of typical ionic conductors, as shown in
fig. S8. Figure 3, A to C, shows Arrhenius plots of
the conductivity of La2-x-ySrx+yLiH1-x+yO3-y. The
conductivity and activation energy values (see
table S6) demonstrate that the ionic conductivity
varies with the compositions of both x and y in
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La2-x-ySrx+yH1-x+yO3-y. Figure 3A shows the tem-
perature dependence of the conductivity for o-
La2LiHO3 (x = 0, y = 0), LaSrLiH2O2 (x = 0, y = 1),
and Sr2LiH3O (x = 0, y = 2). The conductivity
increases with increasing y, with the highest
conductivity of 3.2 × 10−5 S cm–1 at 573 K being
observed for Sr2LiH3O (y = 2). The introduction
of hydride ions into the anion sites of the K2NiF4
structure improved the ionic conductivity, sug-

gesting that the primary charge carriers seem to
be these hydride ions. The conduction is further
facilitated by the introduction of vacancies, as can
be seen both for La2-xSrxLiH1-xO3 (0≤x≤0.2,y=0,
Fig. 3B) and La1-xSr1+xLiH2-xO2 (0 ≤ x ≤ 0.4, y = 1,
Fig. 3C), up to2.1 × 10−4 S cm–1 forLa0.6Sr1.4LiH1.6O2

at 590 K (activation energy ~68.4 kJ mol–1). This
increase in conductivity with the introduction of
vacancies indicates that the structural defects

can affect the ionic diffusion. To further iden-
tify the nature of charge carriers, we measured
the electrical conductivity of La0.6Sr1.4LiH1.6O2

(x = 0.4, y = 1.0) by the Hebb–Wagner polariza-
tion method (28) using an asymmetric (–) Pd/
La0.6Sr1.4LiH1.6O2/Mo (+) cell at 480 and 590 K.
The total electrical conductivities (electrons +
holes) at the irreversible Mo-electrolyte interface
of the cell at 480 and 590 K were 2.9 × 10−8 and
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Fig. 2. Crystal structures of t-La2LiHO3 and La2-ySryLiH1+yO3-y (y = 0, 1, 2). (A) A unit cell of the prepared oxyhydrides. Lanthanum (and strontium) ions
occupy the A sites of the K2NiF4-type structure that are 12-fold coordinated with anions. Lithium occupies the B sites that are octahedrally coordinated with anions.
The structure is composed of perovskite and rock-salt structure blocks stacked along the c axis.The perovskite-type layers are separated by rock-salt layers.

Fig. 1. La2-x-ySrx+y
LiH1-x+yO3-y (0 ≤
x < 1, 0 ≤ y ≤ 2)
oxyhydride system.
(A) Compositional
range of the oxyhy-
dride. The composi-
tions for the
standard (maintain-
ing A2BX4) and
anion-deficient
samples are repre-
sented by black and
blue markers,
respectively. Filled
markers indicate
that ionic conductiv-
ities were measured
for these composi-
tions. (B) Compari-
son of the
synchrotron XRD
profiles for La2-ySry
LiH1+yO3-y (x = 0, 0 ≤
y ≤ 2). (C) Magnified view of typical peaks.
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4.1 × 10−7 S cm–1, respectively. It is evident that
La0.6Sr1.4LiH1.6O2 is a pure ionic conductor (fig.
S9 and table S7).
An all-solid-state cell was then constructedwith

o-La2LiHO3 as the solid electrolyte. The electrode
configuration—namely, a powderedmixture of the
electrode and electrolyte materials—was similar
to those used for the all-solid-state lithium bat-
tery (1). Figure 4A shows the discharge curve of
the Ti/o-La2LiHO3/TiH2 cell, displaying a con-
stant discharge current of 0.5 mA at 300°C. The
cell showed an initial open circuit voltage of
0.28 V, which is consistent with the theoretical
value calculated from the standard Gibbs energy
of formation of TiH2 (29). During the electro-
chemical reaction, the cell voltage dropped rap-
idly from 0.28 to 0.06 V and then decreased
gradually to 0.0 V. This steep drop-off in the first

reaction step corresponds to an increase in hy-
dride ion content at the anode, according to the
constant current discharge reaction:

Ti + xH− → TiHx + xe−

where the reaction at the cathode is as follows:

TiH2 + xe− → TiH2-x + xH−

These discharge reactions were confirmed by
observation of the phases that appeared follow-
ing the reaction. Figure 4B shows the synchro-
tron XRD patterns for the cathode, electrolyte,
and anode, both before and after the reaction.
The absence of any variation in the diffraction
patterns of the electrolyte indicates that the
La2LiHO3 electrolyte is stable when in contact
with the Ti and TiH2 electrodes during the re-

action. Phase changes detected for the cathode
and anode materials are consistent with those
expected from theTi-Hphase diagram (29), where
the d-TiH2 ðFm3mÞ phase releases hydrogen and
is transformed into a-Ti (P63/mmc) through a
two-phase (a-TiHb + d-TiH2-a) coexistence re-
gion, which is found below ~573 K (fig. S10). In
the case of the cathode, additional diffraction
peaks corresponding to P63/mmc symmetry were
detected. In addition, the signals corresponded to
a shift of TiH2 to a higher angle, thus indicating
that lattice shrinkage takes place with the release
of hydrogen from TiH2. In the case of the anode,
peaks corresponding to ðFm3mÞ symmetry were
detected. These results indicate that during the
electrochemical reaction, hydride ions are released
from the TiH2 cathode and diffuse into the Ti
anode through the o-La2LiHO3 (fig. S11).
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Fig. 3. Temperature dependence of the ionic conductivities of La2-x-ySrx+yLiH1-x+yO3-y. (A) Compositions for La2-ySryLiH1+yO3-y (x = 0, y = 0, 1, and 2) with a
fixed cation/anion ratio of (A2B)/X4,where A, B, and X are La(Sr), Li, and O(H), respectively. Anion-deficient series, (B) La2-xSrxLiH1-xO3 (y = 0, 0 ≤ x ≤ 0.2) and
(C) La1-xSr1+xLiH2-xO2 (y = 1, 0 ≤ x ≤ 0.4).

Fig. 4. All-solid-state hydride cell. (A) Discharge curve for a solid-state battery with the Ti/o-La2LiHO3/TiH2 structure. The inset shows an illustration
of the cell and the proposed electrochemical reaction. (B) X-ray diffraction patterns for the electrolyte (o-La2LiHO3), cathode (TiH2 + o-La2LiHO3), and
anode (Ti + o-La2LiHO3) materials after the reaction. Magnifications are supplied for ranges 13° to 13.8° and 15.1° to 15.8°.
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In conclusion, pure H– conduction was real-
ized in the La2-x-ySrx+yLiH1-x+yO3-y system. The
present success in the construction of an all-
solid-state electrochemical cell exhibiting H– dif-
fusion confirms not only the capability of the
oxyhydride to act as an H– solid electrolyte but
also the possibility of developing electrochemical
solid devices based on H– conduction.
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GAS INFRASTRUCTURE

Methane emissions from the 2015 Aliso
Canyon blowout in Los Angeles, CA
S. Conley,1,2*† G. Franco,3 I. Faloona,2 D. R. Blake,4 J. Peischl,5,6 T. B. Ryerson6†

Single-point failures of natural gas infrastructure can hamper methane emission control
strategies designed to mitigate climate change. The 23 October 2015 blowout of a well
connected to the Aliso Canyon underground storage facility in California resulted in a
massive release of natural gas. Analysis of methane and ethane data from dozens of plume
transects, collected during 13 research-aircraft flights between 7 November 2015 and
13 February 2016, shows atmospheric leak rates of up to 60 metric tons of methane and
4.5 metric tons of ethane per hour. At its peak, this blowout effectively doubled the
methane emission rate of the entire Los Angeles basin and, in total, released 97,100 metric
tons of methane to the atmosphere.

L
arge volumes of processed natural gas are
stored underground to accommodate var-
iability in energy demand on diurnal to
seasonal time scales. Underground storage
facilities constitute strategic gas reserves in

many countries worldwide, with a volume equal
to 10% of global annual consumption (1). Rough-
ly 86% of stockpiled natural gas in the United
States is stored at high pressure in depleted sub-
surface oil reservoirs (2). The Aliso Canyon stor-
age facility, a depleted subsurface oil reservoir
in the San Fernando Valley 40 km northwest of
Los Angeles, CA, has a total capacity of 168 billion
standard cubic feet (SCF) (4.79 × 109 m3) at stan-
dard temperature and pressure, of which only
86 billion SCF (2.5 × 109 m3; the “working capac-
ity”) is routinely accessed for commercial use
(2). It is the fourth largest facility of its kind in
theUnited States, accounting for 2.1% of the total
U.S. natural gas storage in 2014 (2). Processed
natural gas is composed primarily of methane
(CH4), a powerful greenhouse gas, and ethane
(C2H6), both of which can lead to background
tropospheric ozone production; at sufficiently

high concentrations, natural gas leaks pose an
explosion hazard and, if inhaled, can induce nau-
sea, headaches, and impaired coordination. Ex-
posure to odorants that are added to natural
gas, which are typically sulfur-containing com-
pounds such as tetrahydrothiophene [(CH2)4S]
and 2-methylpropane-2-thiol [t-butylmercaptan;
(CH3)3CSH] can cause short-term loss of the
sense of smell, headaches, and respiratory tract
irritation. Major natural gas leaks therefore can
have adverse impacts on climate, air quality, and
human health.
On 23 October 2015, a major natural gas leak

of indeterminate size was reported in the Aliso
Canyon area andwas later identified as originating
from SS-25, one of 115 wells connected to the sub-
surface storage reservoir. The SS-25 well began oil
production in 1954 and was converted to a gas
storage well in 1973 (3). Seven unsuccessful at-
tempts to close the leak have been reported. A
relief well intercepted the leaking pipe at a depth
of ~2600 m, below the subsurface breach; heavy
fluid injection (a “bottomkill”) temporarily halted
the leak on 11 February 2016, and cement injec-
tion sealed the well on 18 February 2016 (4).
We deployed a chemically instrumented

Mooney aircraft in 13 flights from 7 November
2015 to 13 February 2016. We measured CH4

and C2H6 to quantify the atmospheric leak rate
and to assess air quality downwind of the leaking
well (5). Ground-based whole-air sampling (WAS)
with stainless steel canisters on 23 December
2015, followed by laboratory analysis, provided
information on the chemical speciation of the leak-
ing hydrocarbonmixture.Weused the continuous
airborne data and the ground-basedWAS canister
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data to fingerprint the plume’s chemical compo-
sition, quantify the atmospheric leak rate, anddocu-
ment trends in the leak rate over time.
The airborne chemical data showed the con-

tinuing transport on northerly winds of excep-
tionally high concentrations of CH4 and C2H6

into the densely populated San Fernando Val-
ley, a few kilometers south of the leaking well
(Fig. 1). The plume C2H6-to-CH4 enhancement
ratio (ER) derived from linear least-squares re-
gression fits to the 23 December 2015 continuous
airborne data is identical, within total uncer-
tainties propagated by quadrature addition of
errors (6), to the plume ER derived from WAS
canister data taken at the surface on the same
day (Fig. 2A).
The hydrocarbon composition ofWAS canister

samples taken at surface locations in the San
Fernando Valley (Fig. 1) on 23 December 2015 (5)
is consistent with a leak of pipeline-quality proc-
essed natural gas with a hydrocarbon composi-
tion of ~95%CH4, ~4%C2H6, and ~0.3%propane
(C3H8) (table S1). Plume enhancements of natu-
ral gas liquids (ethane, propane, and butanes)
and condensates (pentanes and longer-chain hy-
drocarbons that are liquid at ambient temper-
ature and pressure) were detected (table S1) and
were probably responsible for reports of oily de-
posits on surfaces in downwind residential areas.
Trace enhancements of benzene, toluene, ethyl-
benzene, and xylene isomers (the so-called BTEX
compounds)were also detected at ratios of 0.001%
or lower relative to CH4 (table S1).
Benzene is a known human carcinogen (7);

thus, population exposure to benzene from the
Aliso Canyon leak has received particular atten-
tion. Composition data from the WAS canisters
indicate a benzene-to-CH4 enhancement ratio
of (5.2 ± 0.1) × 10−6 (uncertainties throughout
are ±1 SEM), which is broadly consistent with an
ER of ~7 × 10−6 found in highly concentrated
samples that were collected ~3 m downwind of
the SS-25 well site (8). Together, these samples
suggest minimal variation over time in the ben-
zene composition of the leaking gas. Publicly
available benzene data, reported in near-daily
12-hour air samples (9), were often below the
detection limit of 1 nmol/mol [or 1 part per bil-
lion (ppb)] of the contract laboratories used for
the analyses, but these data also show a relatively
constant ER over time. Plume benzene enhance-
ments can be estimated from the abundant CH4

data by multiplying plume CH4 enhancements
by the benzene-to-CH4 ER determined using the
research-grade WAS canister samples. Sulfur-
containing odorants were not measured, but
concentrations above the odor threshold can be
estimated similarly (Fig. 1) from observed CH4

enhancements by assuming an industry-standard
value of ~5 parts per million (ppm) of total odor-
ant in processed natural gas (10).
Continuous airborne CH4 and C2H6 data were

taken on each flight between 11 AM and 3:30 PM
(local time) with a resolution of 30m along-track
during repeated crosswind transects at multiple
altitudes from 60 to 1400m above ground. These
data define the horizontal and vertical extent of

the leaking natural gas plume on each flight (Fig.
1 and fig. S1). The flights provided highly spatially
resolved data from which an atmospheric mass
flux can be accurately calculated (11) within well-
defined uncertainties (12). Plumes from nearby
landfills have low concentrations of CH4, are easily
identified by their lack of co-emitted C2H6, and
were eliminated from further analysis. Background
levels of CH4 and C2H6 were measured during
aircraft transects onmultiple flights immediately

upwind, confirming the SS-25 well as the dom-
inant source of enhanced natural gas to the re-
gion. Operational restrictions on aircraft flight
patterns were imposed by the elevated terrain
at the leak site, the highly controlled airspace
of the San Fernando Valley, and the proximity
to approach corridors of the nearby Van Nuys
Airport (Fig. 1). These restrictions were overcome
by performing crosswind transects at multiple
altitudes immediately downwind of the leak site,
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Fig. 1. Aliso Canyon gas plume transport into populated areas. Airborne chemical data illustrate plume
transport into the San Fernando Valley; data from 10 November 2015 are shown. Plume enhancements
above the local background (colored markers) from example transects are plotted along the flight track
(white line) and can be scaled using the legends at top to yield measured CH4, measured C2H6,
estimated benzene based on the WAS benzene-to-CH4 ER, and estimated total odorant (assuming 5 ppm
in the leaking gas). Benzene and total odorant are in parts per trillion by volume (ppt).
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which enabled accurate reconstruction of a ver-
tical concentration profile, even before the plume
had completely mixed throughout the full vertical
extent of the atmospheric boundary layer (5).
The chemical data show that the airborne

sampling captured the full vertical extent of the
lofted plumes on each flight day (fig. S1). Atmo-
spheric mass fluxes calculated from the chemical
data from each transect collected downwind (5)
suggest an average leak rate of 53 ± 3metric tons
of CH4 and 3.9 ± 0.3metric tons of C2H6 per hour
for the first six weeks of the leak, decreasing
thereafter (Fig. 2B and table S2). The decreasing
trend, which began around the first week of De-
cember 2015 (Fig. 2B and table S2), is consistent
with decreasing reservoir pressure in response to
the withdrawal of gas through other storage wells
connected to the subsurface reservoir, which was
done in a deliberate effort to slow the leak (13).
The lack of a decrease in the leak rate after the
first week of January 2016 is consistent with the
cessation of withdrawals to maintain a minimum
working pressure in the reservoir, which supplied
natural gas to customers in the greater Los Angeles
basin throughout the leak duration.
These data demonstrate that the blowout of

a single well in Aliso Canyon temporarily created
the largest known anthropogenic point source
of CH4 in the United States (14), effectively dou-
bling the leak rate of all other sources in the Los

Angeles basin combined (15, 16). Further, at its
peak, this leak rate exceeded that of the next
largest point source in the United States—an
underground coal mine in Alabama—by over a
factor of 2 (14) and was a factor of 10 larger than
the CH4 leak rate reported from the Total Elgin
rig blowout in the North Sea in 2012 (17). The
Aliso Canyon CH4 leak rates were comparable to
the total CH4 emission rates of entire oil and gas
production regions in the United States [e.g., the
Barnett shale, 76 metric tons per hour (18); the
Haynesville shale, 80 metric tons per hour (19);
the Fayetteville shale, 39metric tons per hour (19);
and the northeastern Marcellus shale, 15 metric
tons per hour (19)].
Our aircraft flights after the “bottom kill”

confirmed the cessation of flow from the SS-25
well on 11 February 2016 and revealed a residual
leak rate of <1 metric ton of CH4 per hour (Fig. 2B
and table S2), consistent with nonzero leak
rates observed at other natural gas, oil, and petro-
chemical facilities nationwide (16, 18–24). These
data show that over its 112-day duration, the Aliso
Canyon natural gas leak released a total of 97,100
metric tons (5.0 billion SCF) of CH4 (Fig. 2C) and
7300 metric tons (0.2 billion SCF) of C2H6 to the
atmosphere, which is equal to 24%of the CH4 and
56% of the C2H6 emitted each year from all
other sources in the Los Angeles basin com-
bined (16).

This CH4 release is the second largest of its
kind recorded in the United States, exceeded only
by the 6 billion SCF (115,000 metric tons) of natu-
ral gas released in the 2004 collapse of an under-
ground storage facility in Moss Bluff, TX, and
greatly surpassing the 0.1 billion SCF (1900metric
tons) of natural gas leaked from an underground
storage facility near Hutchinson, KS, in 2001
(25). Aliso Canyon will have the largest climate
impact by far, however, given that an explosion
and subsequent fire during theMoss Bluff release
combusted most of the leaked CH4, immediately
forming CO2. The total release from Aliso Can-
yon will substantially affect the State of Califor-
nia greenhouse gas (GHG) emission targets for
the year (26) and is equivalent to the annual en-
ergy sector CH4 emissions from medium-sized
EuropeanUnionnations (27). The radiative forcing
from this amount of CH4, integrated over the
next 100 years, is equal to that from the annual
GHG emissions of 572,000 passenger cars in the
United States (28). The volume of CH4 released
represents only 3% of the total capacity of the
Aliso Canyon storage facility, raising the possi-
bility of substantial additional emissions if the
leaking SS-25 well had not been sealed, or if the
remaining natural gas had not been withdrawn
through other wells, before the reservoir was
completely exhausted to the atmosphere.
The agreement reached at the 21st Conference

of the Parties (COP21) to the UN Framework Con-
vention on Climate Change (29) includes specific
requirements for the Parties to account for an-
thropogenic GHG emissions with accuracy and
completeness. In the post-COP21 world, rapid
evaluation of episodic GHG release events, such
as the Aliso Canyon blowout, will be an essential
contribution to meeting these requirements.
Our analysis quantifies a massive CH4 release

using a rapid, direct, and repeatable method
with known accuracy. As such, results from this
method serve as reference values for less direct
and timely estimates that use retrievals of surface
(30, 31), airborne (32), and/or satellite remote
sensing observations (33). For example, our air-
borne method offers a priori estimates of the
Aliso Canyon leak rates that can be used for
inverse modeling analysis of continuous in situ
CH4 monitoring data from fixed ground sites
(15, 34). This incident highlights the utility of
rapid-response airborne chemical sampling in
providing an independent, time-critical, accu-
rate, and spatially and temporally resolved leak
rate, as well as in ascertaining the source loca-
tion and plume chemical composition. Such infor-
mation can help to document human exposure,
formulate optimal well-control intervention strat-
egies, quantify the efficacy of deliberate control
measures, and assess the climate and air quality
impacts of major unanticipated chemical releases
to the atmosphere (35, 36).
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Fine-tuning of a radical-based reaction
by radical S-adenosyl-L-methionine
tryptophan lyase
Giuseppe Sicoli,1,2 Jean-Marie Mouesca,1,2 Laura Zeppieri,3 Patricia Amara,3

Lydie Martin,3 Anne–Laure Barra,4 Juan C. Fontecilla-Camps,3

Serge Gambarelli,1,2* Yvain Nicolet3*

The radical S-adenosyl-L-methionine tryptophan lyase NosL converts L-tryptophan
into 3-methylindolic acid, which is a precursor in the synthesis of the thiopeptide
antibiotic nosiheptide. Using electron paramagnetic resonance spectroscopy and
multiple L-tryptophan isotopologues, we trapped and characterized radical
intermediates that indicate a carboxyl fragment migration mechanism for NosL.
This is in contrast to a proposed fragmentation-recombination mechanism that
implied Ca–Cb bond cleavage of L-tryptophan. Although NosL resembles related
tyrosine lyases, subtle substrate motions in its active site are responsible for a
fine-tuned radical chemistry, which selects the Ca–C bond for disruption. This
mechanism highlights evolutionary adaptation to structural constraints in proteins
as a route to alternative enzyme function.

N
osiheptide, produced by Streptomyces
actuosus, is a highly modified, sulfur-rich,
polythiazolyl macrocyclic peptide anti-
biotic (1). This compound exhibits highly
potent activity against multidrug-resistant

strains of several gram-positive pathogens (2–5).
Originating from a 13-residue-long, ribosomally
synthesized peptide, nosiheptide contains a cen-
tral tetra-substituted pyridine ring, five thiazole
rings, and an unusual indolic acid (6, 7). The
latter is produced by the tryptophan lyase
(NosL) enzyme, which converts L-tryptophan to
themethylindolic acid (MIA) precursor that is sub-
sequently inserted into the thiopeptide (8, 9). NosL

belongs to the radical S-adenosyl-L-methionine
(SAM) protein superfamily, which uses a re-
duced [Fe4S4]

+ cluster and SAM to initiate a 5′-
deoxyadenosyl radical (5′-dA•)–based reaction
(10). Homologous tyrosine lyases (CofH, ThiH,
and HydG) cleave the Ca–Cb bond of tyrosine,
producing a p-cresyl radical and dehydroglycine
(DHG) (11–15).
Because of the prevalence of tyrosyl and

tryptophanyl radicals in proteins, it was initial-
ly proposed that the H-atom abstraction from
L-tyrosine and L-tryptophan by the highly reac-
tive 5′-dA• should take place at the L-tyrosine
phenol group and at the L-tryptophan indole ni-
trogen, respectively (9, 12, 14). However, a recent
NosL structure in complex with L-tryptophan (16)
indicates that theH-atom abstraction takes place
at the amino nitrogen atom (Fig. 1A). Biochem-
ical studies confirmed that this abstraction inNosL
is the first step in the conversion of L-tryptophan
into MIA. NosL can perform b-scissions from
the amino-centered radical intermediate at eith-
er Ca–Cb or Ca–C when using L-tryptophan
analogs (17, 18). These observations suggest a
relative propensity of NosL for substrate promis-
cuity that, combined with slight differences in
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the orientation of these different substrates in
the active site cavity, fine-tunes the b-scission
selection.
Through homology to radical SAM tyrosine

lyases, it was proposed that productive b-scission
in NosL should correspond to the Ca–Cb bond
disruption of L-tryptophan, leading to a 3-
methylindolyl radical and DHG intermediates
(Fig. 1B, path I) (9, 14, 18). MIA formation would
then require a complex recombination step through
a radical aromatic addition reaction, leading to
an oxygen-centered radical intermediate (Fig. 1B,
dashed-line box). A subsequent b-scission would
lead toMIA andmost probably amethyleneimine
by-product subsequently hydrolyzed to formalde-
hyde (9). Apart from the shunt and by-products
(Fig. 1B, path I), no intermediate has been ob-
served for this complex radical-based reaction,
and the mechanism for the proposed recombi-
nation step has remained elusive. To understand
the enzymatic mechanism in this reaction, we
used electron paramagnetic resonance (EPR) spec-
troscopy to examine NosL from S. actuosus. Using
multiple isotopologues of L-tryptophan combined
with quantummechanical calculations, we char-
acterized several free-radical intermediates of
the reaction.
We initially sought to trap and characterize

the previously proposed 3-methylindolyl radical
(Fig. 1B, path I) equivalent to the p-cresyl radical
reported forHydG (14).Whenwe conducted EPR
experiments on sodiumdithionite (DTH)–reduced
NosL in the presence of SAM and L-tryptophan,
we observed at 20 K an X-band continuous wave
(CW) EPR rhombic signal with g tensor values
1.88, 1.91, and 2.04 that we attributed to the spin
1/2 reduced [Fe4S4]

+ cluster (fig. S1). In addition
to this signal, we observed an unusually broad
and complex X-band CW EPR signal centered at

g = 2.00402, most likely corresponding to an or-
ganic radical species (Fig. 2A and fig. S1). Re-
peating the experimentwith samples cryo-trapped
at different times t indicated that this species is
transient with a maximum intensity at about t =
45 s (fig. S2C). Other than the broader signal
resulting from the reduced [Fe4S4]

+ cluster, this g
≈ 2.0–centered signal was the only one observed
between 5 s and 10 min. As expected, when the
temperature was increased above 40 K, the sig-
nal from the [Fe4S4]

+ cluster rapidly decayed,
whereas the organic radical signal remains even
at 100 K. However, when comparing spectra re-
corded at 80 and 60 K, some lines exhibited par-
tial saturation, suggesting that they correspond
to the superposition of signals from at least two
different organic radical species (Fig. 2 and fig.
S2). Using these differential saturation proper-
ties, we distinguished two species with respective
spectral widths of 9.0 and 6.2 mT, here named
“broad” and “narrow” signals, respectively. The
relative abundance of these species remained the
same in all our experiments.
To better distinguish the two radical species,

we performed Q-band (33.6 GHz) EPR mea-
surements and obtained no detectable shifting
of line positions (fig. S3). Even very high-field
(345 GHz) EPR measurements did not show
splitting between the two species, indicating
that their g values are nearly the same (fig. S4).
The extremely small anisotropy of the g-factor
favors a carbon-centered radical and excludes
oxygen- or nitrogen-centered radicals. In order
to determine the identity of these two radical
species, we used different L-tryptophan isotopo-
logues as reaction substrates (fig. S5) and recorded
X-band EPR spectra under the same conditions
(fig. S6). All the tested isotopic substitutions alter
the broad and narrow signals in the same man-

ner (Fig. 2 and table S1). These results, and the
fact that their g values are indistinguishable,
suggest very similar chemical structures for these
two species.
Amore detailed analysis of these spectra and

comparison with density functional theory (DFT)
calculations excludes several otherwise plausible
radical intermediate structures (9, 18) (tables S1
to S14 and fig. S7). First, a strong reduction in the
width of both species’ spectra by using 2,4,5,6,7-
2H5–labeled L-tryptophan (Fig. 2B, “c” and “d”),
confirmed that they bothderive fromL-tryptophan
and could correspond to different intermedi-
ates in the time course of the reaction. This
observation also indicates that the radical is lo-
cated either close to or directly on the indole ring.
This excludes (i) an amino-centered tryptophanyl
radical, (ii) a putative glycyl radical, and (iii) the
proposed final methyleneiminyl radical as one
of these trapped intermediates (Fig. 1B). 1-15N–
labeling had no detectable effect on any of the
CW-EPR spectra (Fig. 2B, “b,” and fig. S8), thus
excluding an unpaired electron located at the N1
position, as would be the case for the conven-
tional tryptophanyl radical. Furthermore, the hy-
perfine couplings (3.0 to 6.0 MHz) measured
from two-dimensional EPR experiments (fig. S8)
were not compatible with a nitrogen-centered
radical. Conversely, 13C-labeled L-tryptophan ei-
ther at C2 or at the C(OOH) carbon atoms altered
spectra of both species with the appearance of an
additional large hyperfine coupling (Fig. 2B, “f”
and “g,” and figs. S9 and S10). This unexpected
result (i) excludes the 3-methylindolyl radical
as one of the two intermediates and (ii) sup-
ports a structure with the C(OOH) and C2
atoms in close proximity to the radical. No ef-
fect was observed in any of the spectra when
substituting H2O with D2O (Fig. 2B, “d” and
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Fig. 1. L-tryptophan binding site andmechanism of NosL for the synthesis
of MIA. (A) Structure of the active site of NosL with bound L-tryptophan,

L-methionine, and 5′-dA (16). Only L-tryptophan (in dark gray), 5′-dA, L-methionine, the Fe4S4 cluster, and the residues interacting with substrate are
depicted. (B) After H-atom abstraction from the amino nitrogen atom by the radical SAM enzyme, path I corresponds to the previously proposed
fragmentation-recombination mechanismbased on the in vitro observation of “shunt” reaction products (3-methylindole and glyoxylate) (9, 17, 18). In path II, our
proposed productivemechanism differs from the shunt reaction and leads toMIA,without involving recombination but including two successive b-scissions.
The first b-scission involves an unanticipated carboxyl fragment migration, leading to an unprecedented C3-centered radical intermediate (solid-line box).
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“e”), ruling out substantial spin density located
on any atom carrying an exchangeable proton.
This excludes the oxygen-centered radical pre-
sented in path I of Fig. 1B because it exhibits a
strong coupling at the Na-H exchangeable proton
(table S14, 13).
Only one C3-centered radical species satisfies

all the above conditions (Fig. 3). A complete simul-
taneous simulation of all spectra is possible
with parameters compatible with those obtained
from DFT calculations (Fig. 3, figs. S11 and S12,
and tables S15 and S16). Rotation around the C3–
Cb bond produces sets of rotamers that explain
both broad or narrow spectra because the hy-
perfine couplings transferred to Cb are large
and generally nonequivalent, as already
reported for tyrosyl radicals (Fig. 3) (19). The
presence of an intact Ca–Cb bond is strongly sup-
ported by the fact that a methyl at Cb would bear
undistinguishable protons (table S13). Further-
more, whereas the third proton of the methyl
group in MIA comes from solvent (9), no effect
was observed when substituting H2O with D2O.
The aldehyde (–Ca=O) and aldimine (–Ca=NH)

radical species are spectroscopically indistin-
guishable because there is no spin density on
either the O- or N-heteroatoms. Hydrolysis of the
aldimine may occur either before or after the
second scission. Thus, our species may either
correspond to two conformers of the same ra-
dical or to amixture of the aldehyde- and aldimine-
bearing radical species.
This unanticipated radical intermediate between

L-tryptophan and MIA invalidates the previously
proposed Ca–Cb fragmentation-recombination
mechanism (Fig. 1B, path I). Instead, NosL oper-
ates through a •COO(H) fragment transfer from
Ca to C2 (Fig. 1B, path II) and is therefore dif-
ferent from its next-of-kin tyrosine lyases. Despite
sharing similar active sites and 5′-dA• abstraction
of a hydrogen atom from the amino nitrogen of
their respective substrate, NosL and HydG likely
diverged by subsequently selecting alternative
C–C bond cleavage. When in silico scanning the
C2–C3–Cb–Ca dihedral of the amino-centered
tryptophanyl radical (20), which results from the
H-atom abstraction by 5′-dA•, we found two ther-
mally accessible stable conformations in the pro-

tein (Fig. 4). One of them resembles the x-ray
structure of L-tryptophan–bound NosL complex,
and its corresponding spin density indicates de-
pletion at the Ca–Cb bond (Fig. 4, 1). In the alter-
native orientation, the spin density showsdepletion
at the Ca–C bond (Fig. 4, 2). This rotation around
the C3–Cb is potentially responsible for the fine-
tuning of the C–C bond cleavage selection (fig.
S13) inNosL, distinguishing it from tyrosine lyases.
However, although NosL produces MIA through
this Ca–C bond cleavage, it also concurrently
catalyzes the Ca–Cb bond cleavage shunt in vitro,
producing methylindole and glyoxylate (Fig. 1B).
This in vitro NosL promiscuity is modulated by
the amount and the nature of the reductant used
(9, 18), which supposes a tighter control in vivo.
The propensity to allow for alternative cleav-

ages is likely a vestige from evolution, during
which selection transformed a molecular archi-
tecture initially suited for Ca–Cb bond cleav-
age and compatible with the conformation of
L-tryptophan in our crystallographic structure to
satisfy the needs of Ca–C cleavage for MIA syn-
thesis. Indeed, multiple deuteron incorporation
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Fig. 2. CW EPR spectra recorded at different
temperature values. (A)NosLcontainingunlabeled
L-tryptophan (Trp) in H2O (quenching time of the
reaction, 45 s) at 80 K (red line) and 60 K (blue
line). Spectra were recorded at 9.65 GHz, 1 mW.
(B) Broad and narrow components obtained upon
deconvolution of CW spectra recorded at 80 and
60 K. The deconvolution is based on the different
relaxation properties of single species. Unlabeled
Trp in H2O (a, black), 15N-Trp (b, indole N-1, red),
2,4,5,6,7-2H5-Trp in H2O (c, light green), 2,4,5,6,7-
2H5-Trp in D2O (d, blue), unlabeled Trp in D2O (e,
navy), 13C-Trp (f, indole C-2, brown), and 13C-Trp
(g, carboxyl, dark green).
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in 5′-dA was observed in solution in the homol-
ogous HydG (21), suggesting a reversible H-atom
abstraction step. Furthermore, L-tryptophanwas
not processed in our crystals upon SAM cleavage
to 5′-dA (16). These observations indicate that
L-tyrosine and L-tryptophan in HydG and NosL

areprobablynot ideally oriented for a fastb-scission
after H-atom abstraction. In NosL, this limiting
step would allow for the tryptophanyl radical
conformational change that is responsible for
MIA synthesis. In addition, accumulation of our
EPR-trapped intermediate in two conformations

suggests that the subsequent b-scission, convert-
ing the radical intermediatewe observed intoMIA,
is also a slow process. The penultimate step (Fig.
1B), reminiscent of the first b-scission, requires
similar orbital matches afforded by the rotation
around the C3–Cb bond. The absence of an EPR
signal for the •COO(H) fragment suggests that its
migration is either fast or concerted with Ca–C
bond cleavage.
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Fig. 4. Changes in spin density are responsible for fine-tuning radical-based chemistry. The de-
picted spin density of the amino-centered tryptophanyl radical is a direct visualization of the electron
hole resulting fromH• abstraction.Two stable conformers were obtained for this radical from a calculation
including the protein matrix (20). In 1, the Ca–C s bond lies in the nodal plane of the radical p orbital
(ϕ2 = 85°), which prevents radical delocalization/electron depletion at this bond. In contrast, the Ca–Cb s
bond is weakened through electron hole delocalization (ϕ1 = 140°). In 2, the situation is almost re-
versed, and the Ca–C s bond is now the one being weakened. (Right) A representation of the discussed
dihedral angles.

Fig. 3. Proposed C3-centered radical intermediates. The structure of the C3-centered radical is
depicted at the top of the figure. (A) The HN=Ca–Cb fragment is still attached to the C3 of the indole ring.
Broad and narrow signals obtained upon deconvolution (black lines) and their corresponding best fit
(green lines). (B) Hyperfine couplings of H2, Hb1, and Hb2 (in blue, orange, and gray, respectively) with
respect to the dihedral angle [C2–C3–Cb–Ca]. Negligible variations are observed for the H2 proton
coupling, whereas substantial changes affect Hb1 and Hb2. Structures corresponding to q = 0° and q = 60°
are depicted on the left and right side, respectively. For the selected C3-centered radical, the C2–C3–Cb–
Ca dihedral angle has been constrained to fixed values from 0° to 330° by steps of 30° during geometry
optimization.
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NEUROINFLAMMATION

C9orf72 is required for proper
macrophage and microglial function
in mice
J. G. O’Rourke,1 L. Bogdanik,2 A. Yáñez,1 D. Lall,1 A. J. Wolf,3 A. K. M. G. Muhammad,1

R. Ho,1 S. Carmona,1 J.P. Vit,3 J. Zarrow,1 K. J. Kim,1 S. Bell,1 M. B. Harms,5

T. M. Miller,5 C. A. Dangler,2 D. M. Underhill,3 H. S. Goodridge,1

C. M. Lutz,2 R. H. Baloh1,4*

Expansions of a hexanucleotide repeat (GGGGCC) in the noncoding region of
the C9orf72 gene are the most common genetic cause of amyotrophic lateral
sclerosis (ALS) and frontotemporal dementia. Decreased expression of C9orf72 is
seen in expansion carriers, suggesting that loss of function may play a role in disease.
We found that two independent mouse lines lacking the C9orf72 ortholog
(3110043O21Rik) in all tissues developed normally and aged without motor
neuron disease. Instead, C9orf72 null mice developed progressive splenomegaly
and lymphadenopathy with accumulation of engorged macrophage-like cells.
C9orf72 expression was highest in myeloid cells, and the loss of C9orf72 led to
lysosomal accumulation and altered immune responses in macrophages and
microglia, with age-related neuroinflammation similar to C9orf72 ALS but not
sporadic ALS human patient tissue. Thus, C9orf72 is required for the normal
function of myeloid cells, and altered microglial function may contribute to
neurodegeneration in C9orf72 expansion carriers.

A
myotrophic lateral sclerosis (ALS) and
frontotemporal dementia (FTD) are neuro-
degenerative disorders with overlapping
clinical presentations, pathology, and ge-
netic origins (1, 2). Expansions of a GGGGCC

hexanucleotide repeat in the first intron/promoter
of the C9orf72 gene are the most commonly iden-
tified genetic cause of ALS/FTD (3, 4) and are
found in other neurodegenerative diseases (5).
Microglial dysfunction is strongly tied to ALS/FTD
pathogenesis (6), with mutations in progranulin
causing FTD (7, 8) and variants in the microglial
expressed genes TREM2 and TBK1 implicated in
ALS (9–11). However, no connection has beenmade
between microglial function and C9orf72, where
focus instead has been on its role in neurons
(12, 13). Although the repeat expansion leads to
decreased C9orf72 expression in human patient
tissues, most research has focused on gain-of-
function toxicity as the primary mechanism in
disease rather than loss of function (14–18).
To investigate the function of the mouse or-

tholog of C9orf72 (3110043O21Rik, referred to as
C9orf72 below), we analyzed two independent
loss-of-function alleles in mice (figs. S1 and S2).
C9orf72+/− and C9orf72−/− mice showed normal

weight gain and life span; had normal sensorimo-
tor coordination, limb strength, femoralmotor and
sensory axon counts, andmuscle electrophysiology;
and showedno evidence of neurodegeneration on
histology through advanced age (17months) (figs.
S1 to S3). The only histologic abnormalities in the
nervous systemwere rare chromatolytic structures
seenwith hemotoxylin and eosin (H&E) staining,
found in both gray andwhitematter of the spinal
cord, that did not increase with age or show re-
active gliosis (fig. S3). All studies were performed
using the Knockout Mouse Project line except
where specified.
C9orf 72−/−mice from both lines developed vis-

ibly enlarged cervical lymph nodes and spleens
(Fig. 1, A and B), detectable as early as 1 month
after birth, that slowly enlarged with age (Fig. 1C
and fig. S2). No gross or histological defects were
observed in other organs at 5 months of age.
Histology of lymph nodes and the white pulp of
the spleen showed disruption of the normal fol-
licular structure by enlarged debris-filled cells
(Fig. 1D) that expressed CD11b and contained
ubiquitin- and p62-positive vacuoles consistent with
macrophages (Fig. 2A and fig. S4). Immuno-
blotting confirmed increased amounts of p62
and LC3 proteins, indicating an increase in com-
ponents of the autophagy machinery in homozy-
gote spleens (Fig. 2B). Massive up-regulation of
Trem2 expression was observed in C9orf72−/−

spleens, a cell surface receptor expressed bymac-
rophages and monocytes, as were inflammatory
cytokines, including IL-1b, IL-6, and IL-10 (Fig.
2C). Despite the altered follicular architecture,
there were no differences in the proportions of
B cells, T cells, or CD11b+ myeloid cells (Fig. 2D

and fig. S2J). However, flow cytometry revealed
changes in myeloid subsets, including the emer-
gence of a CD11b+Ly6C–Ly6Gint population unique
to C9orf72−/− mice, and a decrease in F4/80+ red
pulp macrophages, indicating that C9orf72 defi-
ciency has a selective effect on myeloid popula-
tions in the spleen (Fig. 2, E to G). Complete blood
counts and flow cytometry of bone marrow were
normal in C9orf 72−/−mice at 5months (fig. S5), sup-
porting the idea that splenic enlargement was not
related to deficient hematopoiesis in bonemarrow.
Given the progressive splenomegaly with al-

tered myeloid cells, and the buildup of engorged
macrophages with accumulations of LC3 and
p62 in the spleens ofC9orf72−/−mice,wehypothe-
sized that C9orf72 protein is important for en-
dosomal trafficking in macrophages. We first
examined theexpressionofC9orf72by fluorescence-
activated cell sorting (FACS) of different popula-
tions from wild-type mouse spleens and found
that C9orf 72 was expressed at high levels in
CD11b+ (myeloid cell), as compared to CD3+ (T cell)
and CD19+ (B cell) populations (Fig. 3A). Query of
the immunological genome project (www.immgen.
org) confirmed that the expression of C9orf72
was highest inmacrophages and dendritic cells
as compared to other immune cells (fig. S6, A
and B). Pathway analysis (19) of the 35 genes in
the C9orf72 constellation was significant for only
one pathway, lysosomal function (Bonferroni P =
2.32−6) (fig. S6C). To examine whether C9orf72 is
necessary formacrophage function,we differenti-
atedbonemarrow–derivedmacrophages (BMDMs)
fromC9orf72−/−mice and stained them for endo-
somal markers. BMDMs from C9orf72−/− mice
showedmarked accumulation of LysoTracker- and
Lamp1-positive vesicles, indicating a defect in
late endosome/lysosomal trafficking (Fig. 3, B and
C). No changes in the early or late endosomal
markers Rab5 or Rab7 were observed (figs. S7
and S8). The accumulation of LysoTracker- and
Lamp1-positive vesicles was rescued by viral ex-
pression of human C9orf72, indicating that this
defect was due to the loss of C9orf72 (Fig. 3, D
and E). C9orf 72−/− BMDMs showed normal ini-
tial phagocytosis of zymosan particles (Fig. 3F);
however, BMDMs from both C9orf72−/− and to a
lesser extent C9orf72+/− mice showed enhanced
production of phagocyte oxidase-derived reactive
oxygen species (ROS) after feeding with zymosan
particles (Fig. 3G),whichhas been reported in cells
with defective fusion of phagosomes to lysosomes
(20). BMDMs fromC9orf72−/− andC9orf72+/−mice
also showed enhanced cytokine production in re-
sponse to several immune stimuli, including those
sensed inendosomal/lysosomal compartments such
as peptidoglycan, CpG, and silica (Fig. 3, H and I).
Thus, C9orf72 is critical for the proper function
of macrophages, and the loss of C9orf 72 leads
to a pro-inflammatory state that probably drives
the splenic and lymph node hyperplasia. Al-
though hemizygous mice did not have a pheno-
type at the tissue level, haploinsufficiency of
C9orf72 led to altered inflammatory responses
in macrophages at the cellular level, which could
lead to a physiological phenotype when the sys-
tem is stressed.
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The defects in C9orf 72−/− BMDMs raised the
possibility that other myeloid cells, including
residentmicroglia in thebrain, also requireC9orf72
for normal function. Although an earlier report
suggested that microglia express low levels of
C9orf72 (12), we observed that microglia showed
the highest levels of C9orf72 expression of any
cell type in the brain in published data sets (21–23)
(Fig. 3J) and in quantitative reverse transcrip-
tion polymerase chain reaction (qRT-PCR) of cells
isolated from adult mouse brains (Fig. 3K). Mi-
croglia from C9orf72−/− mice showed accumula-
tion of LysoTracker- and Lamp1-positive structures,
similar to BMDMs (Fig. 3, L and M), whereas
primary cortical neurons did not (fig. S9). To
probe the functional state of microglia lacking
C9orf72, we performed qRT-PCR on spinal cord
microglia isolated fromC9orf72−/−mice and found
increased levels of cytokines IL-6 and IL-1b, sup-
porting the idea that the altered lysosomal func-
tion leads to a proinflammatory state (Fig. 4A)
similar to that observed in BMDMs.

Although we did not see overt neurodegenera-
tion inC9orf72−/−mice, given thepro-inflammatory
phenotype in isolatedmicroglia, we used transcrip-
tional profiling to investigate C9orf72-deficient
nervous tissue in greater detail. Gene set enrich-
ment analysis (GSEA) onRNA sequencing (RNA-
seq) of spinal cords fromyounganimals (3months)
showed little difference between genotypes. In
contrast, in aged animals (17months), a large num-
ber of pathways were altered inC9orf72−/− versus
C9orf72+/− or wild-type animals [false discovery
rate (FDR) < 0.05] (Fig. 4B). We focused on the 19
pathways that were up-regulated in C9orf72−/−

versus C9orf72+/− and control animals for further
analysis (fig. S10). Of these 19 pathways, almost a
third [6 out of 19 (6/19)] were related to inflam-
mation (Fig. 4C). To determine whether similar
changes are observed in C9orf72 ALS (C9-ALS)
tissue, we analyzed a recent RNA-seq data set
that includes normal controls, sporadic ALS (sALS),
and C9-ALS cases (24). Of the 19 up-regulated
pathways in C9orf72−/−mice, therewas little over-

lap (1/19) with pathways up-regulated in sporadic
ALS brain tissue (frontal cortex or cerebellum;
Fig. 4D). In contrast, the majority (10/19) of path-
ways up-regulated in C9orf72−/− mice were also
up-regulated in C9-ALS human patient brains,
including nearly all of the immune pathways (5/6).
A direct comparison showed a significant increase
in inflammatory pathways in C9-ALS versus sALS
cases (fig. S11). Finally, we performed immuno-
staining for Iba1 and Lamp1 onmotor cortex and
spinal cord tissue from C9-ALS (n = 3) and sALS
(n=3) cases. Although frequent reactivemicroglia
were present in all ALS cases, microglia contain-
ing large accumulations of Lamp1-positive mate-
rial were only observed in the C9-ALS cases (Fig.
4E and fig. S11). Thus, both transcriptome and his-
tologic analyses of C9-ALS patient tissue are con-
sistent with the idea that the decreased C9orf72
expression in C9-ALS leads to altered microglial
function and neuroinflammation.
In summary, the loss of C9orf72 in mice led

to age-related inflammation in the spleen and
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Fig. 1. Generation of C9orf72 (3110043O21Rik) null mice. (A) Gross images of cervical lymphadenopathy (arrows) in C9orf72−/− mice (9 months of age).Wt,
wild-type; homo, homozygote. (B) Gross images of splenomegaly (12months of age). (C) Spleen weights (in milligrams) normalized to body weight (in grams) at
indicated ages [***P = 0.0008, ****P < 0.0001, two-way analysis of variance (ANOVA)]. (D) H&E staining of wild-type and homozygote lymph nodes and spleens
at 5 months (top; scale bar = 3 mm) showing disruption of follicular architecture in null mice by large cells with swollen cytoplasm. Higher-magnification images
shown in bottom panels; scale bars = 100 mm and 10 mm (lymph node) and 300 mm and 10 mm (spleen).
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nervous system, with defects in lysosomal traf-
ficking and immune responses in macrophages
and microglia. The disruption of lysosomal func-
tion in macrophages is consistent with the idea
that C9orf 72 is a member of the DENN family
of Rab-GEFs involved in late endosomal traffick-
ing and autophagy (25–27). Our data support a
model where C9orf72 regulates the maturation of
phagosomes to lysosomes inmacrophages, because
we observed both altered responses to immune
stimuli, including those sensed in endosomal/
lysosomal compartments (PGN, CpG, and silica)
in BMDMs lacking C9orf 72. Furthermore, loss of
C9orf 72 function could affect neurodegeneration

in C9-ALS and FTD by diminishing the ability of
microglia to clear aggregated proteins and/or
altering their immune responses. Our findings
of altered immune responses in haploinsufficient
macrophages indicate that even this partial
decrease in C9orf72 levels could affect microg-
lial function (3, 28–30). These data raise the
possibility of a dual-effect mechanism for the
pathogenesis of a single gene defect: that gain-
of-functionmanifestations of C9orf72 expansion
(RNA foci and RAN dipeptides) in neurons are
coupled with “primed” and dysfunctional micro-
glia, which ultimately results in neurodegenera-
tion (31). Given thatmany ALS genes are involved

in late endosomal trafficking and lysosome func-
tion (TBK1,TMEM106B,OPTN,SQSTM1,UBQLN2,
VCP, CHMP2B, and PGRN) (32) and are ex-
pressed in both neurons and microglia, the con-
cept of a dual-effect mechanism may generalize
to other forms of inherited ALS.
Finally, our findings raise important consid-

erations about therapeutic knockdown of C9orf72
in the nervous system. Although these approaches
effectively target gain-of-function manifestations
in neurons, they could exacerbate microglial dys-
function by further suppressing C9orf 72, unless
they specifically target repeat-containing transcripts
(33). An initial report of C9orf 72 knockdown in
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Fig. 2. C9orf72 null mice develop progressive splenomegaly with en-
gorged macrophages, altered monocyte populations, and inflammation.
(A) Enlarged cells in homozygote spleens (5 months) stained for CD11b and
containing p62 and ubiquitin (Ub) accumulations. Scale bars = 100 mm and
20 mm. (B) Immunoblot of spleen lysates showed an increase in p62 and LC3 in
C9orf72−/−mice (n = 3; 14 months). (C) qRT-PCR analysis of spleens (14 months)
showed an increase in macrophage marker Trem2 (**P = 0.008), and
cytokines IL-10 (*P = 0.035), IL-6 (****P < 0.0001), and IL-1b (****P <

0.0001; one-way ANOVA). (D) Immunostains of wild-type and C9orf72−/−

spleens (5 months) for CD20 (B cells), CD3 (T cells), and F4/80 (red pulp
macrophages).The dashed outline highlights the region of abnormal CD11b+

cells in the C9orf72−/− spleens. Scale bars = 1 mm and 300 mm. (E) FACS
analysis of spleens (5 months). (F) Dot plots and (G) bar graphs showed a
unique population of CD11b+ Ly6C-Ly6Gint cells in C9orf72−/− spleens and a
decrease in F4/80+ red pulp macrophages as compared to wild-type mice
or hemizygotes (n = 4; 5 months) (**P = 0.01, one-way ANOVA).
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Fig. 3. Analysis of macrophages and microglia from C9orf72-deficient
mice. (A) qRT-PCR analysis from B cells, T cells, and CD11b+ cells FAC-sorted
fromwild-typemouse spleens (n = 2). (B andC) BMDMs fromC9orf72−/−mice
showed accumulation of LysoTracker- and Lamp1-stained vesicles as com-
pared towild-type mice. Scale bars =50 mmand20 mm. (D)C9orf72−/−BMDMs
treated with lentivirus encoding either human C9orf72 isoform 1-IRES-GFP
(hC9-iso1) or isoform 2-IRES-GFP (hC9-iso2). LysoTracker (top panel) or
Lamp1 (bottom panel) accumulation was rescued by either hC9-iso1 or
hC9-iso2 (top panel). Arrow, hC9-iso1 infected cell; asterisk, uninfected cell.
(E)Quantitationof LysoTrackeraccumulation inBMDMsof the indicatedgenotype
or homozygotes treated with hC9-iso1 and hC9-iso2 lentivirus (***P = 0.0002,
**P = 0.0018, one-way ANOVA). (F) BMDMs fed with fluorescent zymosan

particles for 15min and then analyzed by FACS analysis. (G) ROSproduction by
BMDMs after zymosan ingestion in indicated genotypes (****P = <0.0001, two-
way ANOVA). (H) C9orf72+/− and C9orf72−/− BMDMs showed increased TNF-a
production after stimulation with Pam3CSK4 (Pam), peptidoglycan (PGN), and
CpG, but not lipopolysaccharide (LPS) (****P < 0.0001, ***P = 0.0002, two-way
ANOVA; N.D., not detected). (I) IL-1b production after stimulation with silica
(*P < 0.05, two-way ANOVA). (J) RNA-seq of C9orf72 in indicated cell types
from the cerebral cortex (21). (K) qRT-PCRofC9orf72 from neurons andmicrog-
lia isolated from the adult mouse brain. (L) Microglia purified from C9orf72−/−

mice showed accumulation of LysoTracker- and Lamp1-positive enlarged vesicles.
(M) Quantification of percentage of microglia with enlarged LysoTracker-
positive vesicles (*P = 0.027, one-tailed t test).
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mice using ASOs revealed up-regulation of im-
mune markers in the nervous system, including
Trem2 and Tyrobp (34), suggesting that innate
immune function should be monitored when
performing C9orf 72 knockdown strategies in
humans.
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MUCOSAL IMMUNITY

Tuft cells, taste-chemosensory cells,
orchestrate parasite type 2 immunity
in the gut
Michael R. Howitt,1 Sydney Lavoie,1 Monia Michaud,1 Arthur M. Blum,2 Sara V. Tran,3

Joel V. Weinstock,2 Carey Ann Gallini,1 Kevin Redding,3 Robert F. Margolskee,3

Lisa C. Osborne,4* David Artis,4 Wendy S. Garrett1,5,6†

The intestinal epithelium forms an essential barrier between a host and itsmicrobiota. Protozoa
and helminths aremembers of the gutmicrobiota ofmammals, including humans, yet themany
ways that gut epithelial cells orchestrate responses to these eukaryotes remain unclear.
Here we show that tuft cells, which are taste-chemosensory epithelial cells, accumulate during
parasite colonization and infection. Disruption of chemosensory signaling through the loss of
TRMP5 abrogates the expansion of tuft cells, goblet cells, eosinophils, and type 2 innate lymphoid
cells during parasite colonization.Tuft cells are the primary source of the parasite-induced
cytokine interleukin-25,which indirectly induces tuft cell expansion by promoting interleukin-13
production by innate lymphoid cells. Our results identify intestinal tuft cells as critical sentinels
in the gut epithelium that promote type 2 immunity in response to intestinal parasites.

T
he mammalian gut microbiota is a collec-
tive of bacteria, archaea, viruses, fungi, and
parasites that reside in the lumen and mu-
cosal surface of the intestine. Thesemicrobes
are sequestered from interior tissues by a

single layer of epithelial cells lining the gut that
acts as a barrier and sensor. Intestinal epithelial

cells (IECs) express pattern recognition receptors
that detect microbial components and thus are
critical sensors for and orchestrators of mucosal
immunity (1–4).
Beyond pattern recognition receptors, hosts

monitor and respond to the microbiota via het-
erotrimeric guanine nucleotide–binding protein
(Gprotein)–coupled receptors (GPCRs). For exam-
ple,microbially produced short-chain fatty acids
are sensed via GPR41 and GPR43 (5, 6), and sino-
nasal epithelial cells can detect the pathogen
Pseudomonasaeruginosa via a taste-chemosensory
GPCR (7–12). Many taste-chemosensory GPCRs
require the taste-specificGproteinsubunitgustducin
and the cation channel TRPM5 to transduce their
signals (7, 9). The disruption of either gustducin
or TRPM5 can perturb physiological responses
to P. aeruginosa (13–15). In the gut, TRPM5 and
other canonical taste-chemosensory components
are predominantly expressed by an intestinal epi-
thelial subset called tuft cells (16). Tuft cells, which

are identified by the expression of doublecortin-
like kinase 1 (DCLK1), comprise a minor frac-
tion of small intestinal epithelial cells (17–19) and
are putative quiescent stem cells (20). Although
tuft cells express taste-chemosensory machin-
ery, it is unknown whether tuft cells sense the
gut microbiota by means of taste chemosensa-
tion or transduce signals to themucosal immune
system (21).
Webeganbyevaluating the frequencyofDCLK1+

tuft cells in the distal small intestine of wild-type
(WT) specific-pathogen-freemice thatwere bred
in-house (BIH).We foundmarkedlymore intesti-
nal DCLK1+ tuft cells (7.2%) (Fig. 1A) than previous
reports (0.4%) (19, 22) and confirmed this discrep-
ancy with an alternative tuft cell marker, GFI1B
(fig. S1) (23). As interinstitutional differences in
microbiota can contribute to substantial variation
amongmucosal immune cell populations (24), we
compared tuft cell abundance in mice obtained
from The Jackson Laboratory (JAX) with BIH
mice. Similar to previous reports (19, 25), tuft cells
constituted 1.0% of the total IEC population of
JAXmice (Fig. 1A). Feeding the cecal contents from
BIHmice to JAXmice was sufficient to increase
tuft cell populations to BIH levels (fig. S2), suggest-
ing that transmissible components of the BIH
microbiota may drive tuft cell expansion when
introduced to JAX mice. In support of this idea,
intestinal histology revealed numerous single-
celled protozoa in BIH but not in JAX mice (Fig.
1B). To identify these protozoa, we purified and
imaged them by means of scanning electron
microscopy (SEM); we identified them as tritricho-
monads (Fig. 1C) (26–28). Quantitative polymerase
chain reaction (qPCR) confirmed that they were
Tritrichomonasmuris (Tm), a commonbutunder-
studiedmember of the rodentmicrobiota (Fig. 1D).
To eradicate Tm fromBIHmice, we addedmet-

ronidazole (2.5 g/liter) to their drinkingwater for
1 week. This eliminated Tm and concomitantly
reduced tuft cell abundance (fig. S3). Because this
treatment does not exclude the possibility that
othermetronidazole-sensitive organismsmay con-
tribute to tuft cell expansion, we cultured Tm
(28, 29) and colonized unexposedmice. Tm colo-
nization significantly elevated tuft cell numbers in
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conventional (Fig. 1, E and F) and germ-freemice
(fig. S4), suggesting that this symbiotic protozoa
is sufficient to increase tuft cell frequency.
Helminths are common eukaryotic inhabitants

of the mammalian intestine, but they are evolu-
tionarily distinct from protozoa. These parasites
inflict a substantial global health burden, yet
wormsmay also provide therapeutic benefits (8).
To investigate the effect of helminth infection on
tuft cell abundance, we infectedmicewith a diverse
set of parasitic worms including Heligmosomoides
polygyrus (Hp), Trichinella spiralis (Ts), and
Nippostrongylus brasiliensis (Nb). Similar to our
results with Tm, infections with all three hel-
minths increased tuft cell abundance, indicating
that expansion of tuft cells is a broadly conserved
feature of parasite colonization (Fig. 1, G and H).
Because tuft cells are postulated to be chemo-

sensory cells (30), we consideredwhether pertur-
bations to tuft chemosensory pathwaysmay affect
their expansion in response to parasites and/or to
the type 2 immune response typically initiated by
parasites. Multiple taste-chemosensory GPCRs
sense sweet, bitter, and umami compounds; en-
gagement of these different receptors activates a
common signal transduction pathway involving

gustducin, PLCb2, and TRPM5 (Fig. S5) (7, 9).
We confirmed that GFI1B+ tuft cells are the pri-
mary IEC subset expressing the canonical taste-
associated components gustducin, PLCb2, and
TRPM5 (Fig. 2A) (16, 23, 31).
We compared tuft cell abundance in WT and

gustducin-deficient (gustducin−/−) mice colonized
with Tmand found significantly fewer tuft cells in
gustducin−/− animals (Fig. 2B). Using Trpm5eGFP

(eGFP, enhanced green fluorescent protein) re-
portermice,we validated that TRPM5 is restricted
to the epithelium and expressed by DCLK1+ tuft
cells in the distal small intestine (Fig. 2C and fig.
S6). Given themultiplicity of taste-chemosensory
GPCRs, the established role of TRPM5 in taste
chemosensation (7, 32), and the predominant in-
testinal TRPM5 expression by tuft cells, we used
TRPM5-deficient mice to evaluate whether these
pathways affect tuft cell parasite responses. Similar
to gustducin−/−mice, tuft cells failed to expand in
Trpm5−/−mice during Tm colonization (Fig. 2, D
to F). To determine whether the blunted response
was due to reduced parasite colonization, wemea-
sured Tm in the distal small intestine (fig. S7A).We
found slightlymore parasites in both gustducin−/−

and Trpm5−/− mice than in WT mice (fig. S7B),

indicating that the lack of tuft cell response was
not due to decreasedTmcolonization. Because Tm
is a stable component of themicrobiota, we tested
how the loss of TRPM5would affect clearance of
a pathogenic helminth such asHp. Thirty-six days
after infection, we determined that Trpm5−/−mice
had a significantly higher wormburden thanWT
mice (fig. S7C). Collectively, these data suggest that
pathways initiated upstream of TRPM5 may me-
diate tuft cell responses to intestinal parasites.
If tuft cell responses represent an early step in

parasite recognition, we hypothesized that other
antiparasitic responsesmay be altered in parasite-
burdenedTrpm5−/−mice. Consistentwithhelminth
infections (33), Tm colonization also induced gob-
let cell hyperplasia inWT (P < 0.0001) but not in
Trpm5−/− mice (Fig. 2, G and H). Similarly, we
observed eosinophilia inWT but not in Trpm5−/−

mice colonized with Tm (Fig. 2I).
Because epithelial cells are a key source of the

parasite-induced cytokines thymic stromal lym-
phopoietin (TSLP) and interleukin-33 (IL-33) and
-25 (17), we isolated tuft cells and the remaining
epithelial fraction to determine TSLP, IL-33, and
IL-25 expression patterns. Consistent with recent
reports, we found that tuft cells expressed less
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Fig. 1. Symbiotic protozoa or helminths increase
intestinal tuft cell abundance. (A) DCLK1+ tuft
cell frequency in the small intestine (SI) of WT BIH
and WT JAX mice. (B) Hemtoxylin and eosin–
stained SI sections fromWT BIH and WTJAX mice
(scale bar, 50 mm) (left). A higher magnification of
the WT BIH section is shown on the right (scale bar,
20 mm). (C) SEM micrograph of protozoa isolated
from WT BIH mice (scale bar, 4 mm). (D) Tm abun-
dance in stool DNA (Tm 28S rRNA relative to Eu-
bacteria 16S rRNA), determined by qPCR (ND, not
detectable). (E) Representative SI images from un-
infected and Tm-colonized mice and (F) tuft cell
frequency. (G) Representative SI images from un-
infected and helminth-colonized mice and (H) tuft
cell frequency. DCLK1 is shown in green, E-cadherin
in red, and DAPI (4′,6-diamidino-2-phenylindole) in
blue [scale bars in (E) and (G), 100 mm]. Each sym-
bol represents an individual mouse, and all data are
representative of two [(D), (F), and (H)] or three
(A) independent experiments. Tm infection was
17 days in (E) and (F). In (G) and (H), Hp infection
was 21 days, Ts infection was 15 days, and Nb in-
fection was 8 days. Data are plotted as means with
SD. Four stars, P < 0.0001; three stars, P = 0.0001;
one-way analysis of variance (ANOVA) or Mann-
Whitney test.
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TSLP and IL-33 than other epithelial cells and are
the main source of epithelial IL-25 (Fig. 3A and
fig. S8A) (34, 35). To determine whether TRPM5 af-
fects parasite-induced IL-25 expression,we infected
WT and Trpm5−/− mice with Tm and measured
both parasite colonization and the corresponding
epithelial IL-25 expression over time. Tm rapidly
colonized both WT and Trpm5−/− mice, but
Trpm5−/− mice had significantly reduced IL-25
expression 12 days after infection (P = 0.0006)
(Fig. 3B).
IL-25 promotes proliferation and activation of

type 2 innate lymphoid cells (ILC2s) via the recep-
tor subunit IL17RB (11, 36, 37). Accordingly, the fre-
quency of intestinal lamina propria IL17RB+ ILC2s
significantly increased in WT but not Trpm5−/−

mice after 12 days of Tm infection (Fig. 3C). To de-
terminewhether theparasite response inTrpm5−/−

mice could be complemented by exogenous IL-25,

we injected IL-25 intraperitoneally into Trpm5−/−

mice; we observed restoration of distal small in-
testinal eosinophilia and tuft cell abundance (Fig. 3,
D to F), suggesting that tuft cells may influence
their own abundance.
Epithelial cells are not only a crucial source of

IL-25 but also signal in an autocrine manner via
IL17RB (22). Therefore, we examined tuft cell
IL17RB expression and found that it was signif-
icantly higher (P= 0.0043) than for other epithelial
cells (fig. S8B). This raised the question of whether
IL-25 induces tuft cell expansion via autocrine
signaling or indirectly through recruitment of
ILC2s. To evaluate factors that affect tuft cell
abundance independently of the microbiota or
immune system, we used an in vitro primary in-
testinal organoid system (38, 39). Small intestinal
organoids reconstitute all the epithelial subsets
from IEC stem cells. By generating organoids from

Gfi1beGFP/+ mice, we detected GFP+ tuft cells
(Fig. 4A and fig. S9A). Both WT and Trpm5−/−

organoids contained ~0.3% tuft cells, but IL-25
did not increase tuft cell numbers (Fig. 4B and
fig. S9A), suggesting that IL-25 does not act in an
autocrine manner to expand tuft cell abundance.
Because IL-25promotes expansionof ILC2s,which
are critical sources of IL-13 (11, 36, 40), a cytokine
previously shown to increase goblet cell numbers
(25), we considered that IL-13 may also increase
tuft cell abundance. IL-13 significantly expanded
tuft cells from 0.3% of total organoid cells to 11.9%
and 10.9% (WT and Trpm5−/−, respectively) (Fig.
4B and fig. S9A). In agreementwith these results,
expression of DCLK1 and TRPM5 also increased
in IL-13–treated organoids (fig. S9, B and C).
To determine whether type 2 cytokine produc-

tion by ILC2s may contribute to tuft cell expan-
sion in vivo, we colonizedWT, Stat6−/−, Rag2−/−,
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Fig. 2.Tuft cells influence type 2 immunity through TRPM5. (A) Gustducin,
PLCb2, and TRPM5 expression in sorted tuft cells, compared with the non–tuft
cell epithelium. (B) Representative images of Tm-colonized WTand gustducin−/−

mice and tuft cell frequencies. (C) Representative image from Trpm5eGFP mice.
GFP is shown in green), DCLK1 in red), DAPI in blue, and phalloidin in white.
(D) Representative image of Tm-colonized Trpm5−/− mice and tuft cell fre-
quencies. Scale bars in (B), (C), and (D), 50 mm. (E) Representative flow
cytometry plots of IECs from uninfected (left) or Tm-colonized (right) WT
(Gfi1beGFP/+, top) and Trpm5−/− (Gfi1beGFP/+ Trpm5−/−, bottom) mice and

(F) tuft cell frequency. (G) Goblet cells in SI sections stainedwith Alcian blue
and nuclear red in uninfected WTand Tm-colonized WTand Trpm5−/− mice
and (H) goblet cell frequency. (I) Eosinophil frequency in the distal SI lamina
propria (LP) of uninfected and Tm-colonized WTand Trpm5−/− mice. Scale
bars, 50 mm. Each symbol represents an individual mouse, and all data
are representative of at least three independent experiments. Data are
plotted as means with SD. Four stars, P < 0.0001; three stars, P = 0.0001;
two stars, P < 0.01; ns, not significant; one-way ANOVA, Kruskal-Wallis, or
Mann-Whitney tests.
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Fig. 3. Tuft cells express IL-25 and elicit ILC2s in a
TRPM5-dependent manner in response to symbiotic
protozoa. (A) IL-25 expression from sorted tuft cells.
(B)WT (solid circles) and Trpm5−/− (open circles)mice

were colonized with Tm for 3, 7, 12, and 42 days. At each time point, epithelial cell IL-25 expression was measured (purple line) and Tm colonization was
quantified (green line). (C) Frequencyof IL17RB+ (IL-25R) ILC2s in the distal SI LPof uninfectedWTmice andWTandTrpm5−/−mice colonizedwith Tm for 12 days.
(D) Eosinophil frequency in the distal SI LP of uninfected WTor Tm-colonized Trpm5−/− mice intraperitoneally injected with IL-25 or phosphate-buffered saline
(PBS) control. (E) Tuft cell frequencies and (F) flow plots of epithelial cells isolated fromTrpm5−/−mice intraperitoneally injectedwith IL-25 or PBS. Each symbol in
(C), (D), and (E) represents an individualmouse, and all data are representative of three independent experiments. Data are plotted asmeanswith SD.Three stars,
P < 0.001; two stars, P < 0.01; Kruskal-Wallis or Mann-Whitney tests.

Fig. 4. Innate lymphoid cells and IL-13 increase tuft cells in organoids
and the small intestine. (A) Differential interference contrast, fluores-
cent, and merged images of small intestinal organoids generated from
Gfi1beGFP/+ mice (scale bars, 25 mm). (B) GFP+ tuft cell abundance by
flow cytometry of WTand Trpm5−/− organoids treated with recombinant
IL-13 or IL-25. (C) Representative images of SI from WT, Stat6−/−, Rag2−/−,

and Rag2−/−Il2rg−/− mice colonized with Tm and (D) tuft cell frequency.
DCLK1 is shown in green, E-cadherin in red, and DAPI in blue (scale bars,
100 mm). Each symbol in (D) represents an individual mouse, and all data
are representative of (D) two or (B) three independent experiments. Data
are plotted as means with SD. Four stars, P < 0.0001; one-way ANOVA or
Mann-Whitney tests.

RESEARCH | REPORTS



and Rag2−/−Il2rg−/− mice with Tm (fig. S10).
STAT6 is activated by the type 2 cytokines IL-4
and IL-13 and is required for intestinal helminth
expulsion (26). Consistent with our organoid data
demonstrating that IL-13 potently induces tuft
cell expansion, tuft cells did not expand when Tm
colonized Stat6−/− mice (Fig. 4, C and D). Al-
though both T helper 2 (TH2) and ILC2 cells can
produce IL-13 in mucosal tissue (41), parasite-
induced IL-25 potently activates IL-13 expression
in ILCs (11, 36, 42). We compared tuft cell abun-
dance in Rag2−/− mice that lack TH2 cells but
contain ILC2s versus Rag2−/−Il2rg−/− mice that
lack both TH2 and ILC2s cells (8, 11, 12). Infected
Rag2−/− mice had elevated tuft cell abundance
compared with uninfected WT mice; however,
similar to both Trpm5−/− and Stat6−/− mice,
Rag2−/−Il2rg−/− mice showed no tuft cell increase
during Tm infection (Fig. 4, C andD). Collectively,
these data suggest that tuft cells may detect Tm
through TRPM5 taste chemosensation to elicit
ILCs, which in turn produce IL-13 to expand tuft
cell abundance (fig. S11).
IECs are positioned for direct contact with lu-

menal microbes andmicrobial products, and they
function as sensory nodes to promote homeosta-
sis with symbioticmicrobes and initiate immunity
against pathogens. Eukaryota, including helminths
and protozoa, are common members of the gut
microbiota (43, 44) that profoundly modulate
the host immune system (45, 46). Many of the pat-
tern recognition receptor systems that recognize
bacterial members of the microbiota do not con-
tribute to recognition of parasites (47, 48). Here
we show that tuft cells orchestrate type 2 immu-
nity, in agreementwith two recent studies (34, 35).
Taste receptors respond to a panoply of ingested
agonists (18), and we speculate that tuft cells and
taste chemosensation within the gut provide sim-
ilarly broad recognition of parasitic signals.
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INFLAMMATION

Prostaglandin E2 constrains systemic
inflammation through an innate
lymphoid cell–IL-22 axis
Rodger Duffin,1 Richard A. O’Connor,1 Siobhan Crittenden,1 Thorsten Forster,2

Cunjing Yu,1 Xiaozhong Zheng,1 Danielle Smyth,3* Calum T. Robb,1 Fiona Rossi,4

Christos Skouras,1 Shaohui Tang,5 James Richards,1 Antonella Pellicoro,1

Richard B. Weller,1 Richard M. Breyer,6,7 Damian J. Mole,1 John P. Iredale,1

Stephen M. Anderton,1 Shuh Narumiya,8,9 Rick M. Maizels,3* Peter Ghazal,2,10

Sarah E. Howie,1 Adriano G. Rossi,1 Chengcan Yao1†

Systemic inflammation, which results from the massive release of proinflammatory
molecules into the circulatory system, is a major risk factor for severe illness, but the
precise mechanisms underlying its control are not fully understood. We observed that
prostaglandin E2 (PGE2), through its receptor EP4, is down-regulated in human
systemic inflammatory disease. Mice with reduced PGE2 synthesis develop systemic
inflammation, associated with translocation of gut bacteria, which can be prevented by
treatment with EP4 agonists. Mechanistically, we demonstrate that PGE2-EP4 signaling
acts directly on type 3 innate lymphoid cells (ILCs), promoting their homeostasis and
driving them to produce interleukin-22 (IL-22). Disruption of the ILC–IL-22 axis impairs
PGE2-mediated inhibition of systemic inflammation. Hence, the ILC–IL-22 axis is
essential in protecting against gut barrier dysfunction, enabling PGE2-EP4 signaling to
impede systemic inflammation.

S
ystemic inflammation commonly develops
from locally invasive infection, is character-
ized by dysregulation of the innate immune
system and overproduction of proinflam-
matory cytokines, and can result in severe

critical illness (e.g., bacteremia, sepsis, and septic
shock) (1, 2). Despite much research on systemic

inflammation, our understanding of the precise
mechanisms for its control remains incomplete
and represents an unmet clinical need (1–3).
Prostaglandins (PGs) are bioactive lipid media-
tors generated from arachidonic acid via the en-
zymatic activity of cyclooxygenases (COXs) (4). PGs
participate in the pathogenesis of inflammatory
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disease (4, 5), and many inflammatory conditions
are treated using nonsteroidal anti-inflammatory
drugs (NSAIDs) that inhibit PG synthesis by
blocking COXs (6). NSAID therapy is also thought
to confer similar beneficial effects in treating
severe inflammation, but large randomized and
controlled clinical trials have shown thatNSAIDs
failed to reduce mortality in severe systemic in-
flammation (7, 8). More importantly, the use of
NSAIDs during evolving bacterial infection is
asociated with more severe critical illness (9–13).
Therefore, it is imperative to define the par-
adoxical regulatory role of PGs in systemic in-
flammation (14).
Prostaglandin E2 (PGE2) is one of the most

abundantly produced PGs andmodulates immune
and inflammatory responses through its recep-
tors (EP1 to EP4) (4). We performed a genome-
wide gene expression analysis of whole-blood

samples from human neonates with sepsis (15)
and found that expression levels of PTGES2 (en-
codingmembrane-associated PGE synthase-2) and
PTGER4 (encoding EP4) were significantly dimin-
ished in the sepsis group compared with non-
infected controls (Fig. 1A). The reduced expression
of PTGES2 and PTGER4 was associated with in-
creased neutrophil blood count as a marker of in-
flammation (Fig. 1B). Down-regulation of PTGER4
and PTGS2 (encoding COX2) was similarly ob-
served in patients suffering from systemic inflam-
matory response syndrome, sepsis, septic shock,
or severe blunt trauma. In contrast, expression of
HPGD (encoding 15-PGDH, whichmediates PGE2
degradation) in these patients was up-regulated
comparedwith noninfected controls (fig. S1). Con-
sistent with this finding, blood monocytes from
patients with sepsis and septic shock produced
less PGE2 (16). Thus, the PGE2-EP4 pathway is
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Fig. 1. PGE2-EP4 signaling controls LPS-induced systemic inflammation.
(A) Gene expression of PTGES2 and PTGER4 in whole-blood samples of
neonates suffering from sepsis with confirmed bacterial infection (red, n = 27)
and matched noninfected controls (blue, n = 35). Line graphs display gene
expression (log2 scale) as probability density plots for both group samples.
Nonparametric Wilcoxon-Rank-Sum tests (Pdiff) were used to test for differ-
ential expression of a gene between infected and control neonates. Fligner-
Killeen tests (Pvar) were used to evaluate whether sepsis and control groups
have substantively different intersubject variation in gene expression levels.
(B) Supervised heat map of clinical neutrophil counts and expression levels
for PTGES2 and PTGER4 genes for noninfected healthy controls (n = 12)
and bacterially infected neonates (n = 27). A colored scale bar is shown for
neutrophil count or gene expression z-score transformed values, respec-
tively. ***P < 0.001 by nonparametric Spearman correlation test performed

to analyze the negative association between PTGES2 (correlation coeffi-
cient rs = –0.6111) or PTGER4 (rs = –0.6323) gene expression and blood
neutrophil counts. (C to F) Serum TNF-a and IL-6 levels (C), spleen size
and weight (D), neutrophil counts in peritoneal cavity lavage (E), and liver
histology (F) of WT C57BL/6 mice treated with indomethacin (Indo) or
vehicle control (Veh) for 5 days, followed by LPS challenge injection for
another 2 hours [(C), n = 6 mice per group] or 24 hours [(D) to (F), n = 8 per
group]. (G to I) Spleen weight (G), neutrophils (H), and serum TNF-a and IL-6
levels (I) of WT C57BL/6 mice treated with indomethacin and agonists for
EP2 or EP4, followed by LPS challenge for 24 hours [(G) and (H)] or 2 hours
(I). Data shown as means ± SEM (error bars) are pooled from two inde-
pendent experiments. Scale bar in (F), 50 mm. *P < 0.05, **P < 0.01 by one-
way analysis of variance (ANOVA). NS, not significant; ND, not detected; PBS,
phosphate-buffered saline.
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down-regulated in human severe systemic in-
flammatory disease.
To understand themechanism(s) whereby PGE2

regulates systemic inflammation, we challenged
wild-type (WT) C57BL/6 mice with lipopolysac-
charide (LPS) to induce systemic inflammation
after pretreatment with indomethacin, which ef-
fectively suppresses PGE2production (17, 18).Mice
pretreated with indomethacin developed an en-
hancedcytokine storm[e.g., tumornecrosis factor–a
(TNF-a) and interleukin-6 (IL-6)] (Fig. 1C), as well
as other inflammatory signs such as splenomegaly
(Fig. 1D), peritonitis characterized by accumula-
tion of CD11b+Ly-6G+ neutrophils (Fig. 1E), and
low-grade hepatic inflammation, as indicated by
sinusoidal lymphocytosis and necrosis or inflam-
matory foci in the parenchyma (Fig. 1F). Further-
more, coadministration of an EP4 agonist almost
completely diminished indomethacin-augmented
systemic inflammation (Fig. 1, G to I). Thus, PGE2-
EP4 signaling constrains LPS-induced systemic
inflammation.
In addition to the inflammatory markers de-

scribed above, we also detected dissemination of
gut bacteria into normally sterile tissues (e.g., liver)
of indomethacin-treated mice but not controls
(Fig. 2A). The coadministration of an EP4 agonist
blocked the dissemination of bacteria to sterile tis-
sues (Fig. 2B). Althoughpathogenic bacteria spread

via the bloodstreamusually cause severe systemic
inflammation, gut leakage of commensal bacteria,
especially in patientswith damaged gut epithelium
or endothelium,may also trigger systemic inflamma-
tion. Therefore, to test whether these disseminated
bacteria contribute to indomethacin-augmented
systemic inflammation, we treated mice with
indomethacin and antibiotics, which are known
to effectively deplete gut bacteria (19). Antibiotic
therapy reduced indomethacin-facilitated sys-
temic inflammation (Fig. 2, C to F). Indomethacin-
dependent systemic inflammationwasalsoobserved
inRag1−/−mice (fig. S2) andwas again diminished
by EP4 agonism (Fig. 2, G to I). Hence, PGE2-EP4
signaling prevents systemic inflammation inde-
pendently of adaptive immune cells.
Given that IL-22 has recently been shown to

inhibit inflammatory responses, particularly in
the intestine (19–22), we hypothesized that IL-22
may mediate PGE2 control of systemic inflam-
mation. To test this hypothesis, we first exam-
ined the effect of PGE2 on IL-22 production.Mice
treated with indomethacin exhibited a decrease
in LPS-induced IL-22 production (Fig. 3A), which
was mimicked by an EP4 antagonist (Fig. 3B).
Thus, PGE2-EP4 signaling promotes IL-22 pro-
duction in vivo. Whereas LPS-induced systemic
inflammation inWTmice was exacerbated or pre-
vented by indomethacin or an EP4 agonist, re-

spectively (Fig. 1, G to I), both hadnegligible effects
on LPS-induced inflammation in IL-22–deficient
mice (23) (fig. S3). IL-22 is therefore required for
couplingPGE2-EP4 signaling–dependent control of
systemic inflammation. Furthermore, coadmin-
istration of recombinant IL-22 (rIL-22) prompted
a decrease in bacterial dissemination induced by
indomethacin, which positively correlated with
reduced systemic inflammation (Fig. 3, C to E),
implying that IL-22mediates PGE2 suppression of
gut bacterial dissemination and subsequent sys-
temic inflammation.
As both PGE2 and IL-22 canpotentially protect

the gut epithelial barrier (17–22), we reasoned that
inhibition of bacterial dissemination by PGE2may
proceed through augmentation of IL-22 action on
gut epithelial cells. We therefore examined gene
expression related to barrier function in intesti-
nal tissues. Indomethacin suppressed expression
of IL-22 as well as its receptors [i.e., Il22ra1 (en-
coding IL-22Ra1) and Il10rb (encoding IL-10Rb)],
and their suppression was prevented by rIL-22
(Fig. 3F), which suggests that PGE2may strengthen
IL-22–IL-22R signaling in intestinal epithelial cells.
Indeed, IL-22R–target genes [such asReg3b,Reg3g,
and Fut2 (24)], mucins, and tight junctions were
similarly down-regulated by indomethacin but
rescued by rIL-22 (Fig. 3G and fig. S4). Expres-
sion of genes related to IL-22R signaling and
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Fig. 2. PGE2 control of systemic inflammation involves gut bacterial dis-
semination and acts independently of adaptive immune cells. (A) Colony
forming units (CFU) present in liver homogenates from WT C57BL/6 mice
(n = 6) treated with indomethacin for 5 days, followed by LPS challenge for
another 24 hours. (B) CFU present in liver homogenates from WT C57BL/
6 mice treated with indomethacin plus an EP4 agonist (n = 6) or vehicle (n =
8) for 5 days, followed by LPS challenge for another 24 hours. (C to F) Spleen
size and weight (C), neutrophils (D), liver histology (E), and serum TNF-a
and IL-6 levels (F) of WT C57BL/6 mice (n = 6 per group) treated with

indomethacin and antibiotics (ABX) for 5 days, followed by LPS challenge
for another 24 hours [(C) to (E)] or 2 hours (F). (G to I) TNF-a and IL-6
levels in serum (G) and peritoneal cavity lavage (H) and CFU present in
liver homogenates (I) from Rag1−/− mice treated with indomethacin plus
an EP4 agonist or vehicle control (n = 8 per group) for 4 days. Data shown
as means ± SEM (error bars) are pooled from two independent exper-
iments. Scale bar in (E), 50 mm. *P < 0.05, **P < 0.01, ***P < 0.001 by two-
way ANOVA [(C), (D), and (F)] or Mann-Whitney test [(G) to (I)]. ND, not
detected.
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barrier function inversely correlated with gut bac-
terial dissemination (Fig. 3E). Given the protective
role of PGE2 in acute colonic mucosal injury (17),
we proposed that this protection is mediated
by IL-22. Indomethacin exacerbated colitis in-
duced by dextran sulfate sodium (DSS), but rIL-
22 had the reverse effect, producing significantly
lower values of the colitis disease activity index,
as measured by weight loss, diarrhea, and rec-

tal bleeding (Fig. 3, H to J). Our results indicate
an important role of PGE2 in regulating the
intestinal epithelial barrier function through
innate IL-22 signaling.
Flow cytometric analysis showed that IL-

22–producing cells were CD45LowLineage(Lin)–

CD90.2+RORgt+CCR6+ type 3 innate lymphoid cells
(ILC3s) (22) in the gut and CD45+Lin–CD90.2+CD4+

ILC3s in the spleen (fig. S5). We wondered wheth-

er these cells are involved in EP4-dependent con-
trol of systemic inflammation. Although Rag1−/−

mice cotreated with indomethacin and an EP4
agonist (i.e., lacking PG signaling except through
EP4) did not develop systemic inflammation
(Fig. 2, G to I), depletion of CD90.2+ ILCs re-
stored indomethacin-induced systemic inflamma-
tion in these mice (Fig. 4A). To address whether
PGE2-EP4 signaling specifically in ILCs controls
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Fig. 3. IL-22 mediates PGE2 protection against systemic inflammation
and intestinal barrier injury. (A) Serum IL-22 levels of WT C57BL6 mice
treatedwith indomethacin ( n= 6) or vehicle control (n =6) for 5 days, followed
by challenge with LPS or PBS for 2 hours. (B) Serum IL-22 levels inWTC57BL/
6mice treated with an EP4 antagonist or vehicle (n = 4 per group) in drinking
water for 5 days, followed by LPS challenge for another 2 hours. (C to G)
Rag1−/− mice were treated with vehicle (n = 9) or indomethacin plus rIL-22
(n = 10) or vehicle-control PBS (n = 10) for 4 days. (C) CFUs present in liver
homogenates, (D) neutrophil counts, (E) correlation of liver CFU with systemic
inflammation profile and expression profile of genes related to intestinal barrier
function, and [(F) and (G)] gene expression of IL-22 and its receptors (F) and

antimicrobial peptides (G) in the terminal ileum. Expression was measured
by real-time PCR, normalized to the Gapdh gene and presented as relative
expression (in log2 fold change) to the vehicle-control group. (H to J)
Change in body weight (H), disease activity index (I), and colon length (J) of
WTC57BL/6 mice (n = 10 per group) treated with 2% DSS and indomethacin
or vehicle control in drinkingwater plus rIL-22 or vehicle-control PBS for 6 days.
Data shown as means ± SEM (error bars) are pooled from two [(A) and (H)
to (J)] or three [(C) to (G)] independent experiments or represent one ex-
periment (B). *P < 0.05, **P <0.01, ***P < 0.001 byMann-Whitney test [(A),
(B), and (D)], one-way ANOVA [(C) and (F) to (J)], or two-tailed Pearson
correlation test (E).
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Fig. 4. PGE2-EP4 signaling potentiates ILC3 homeostasis and func-
tion that contributes to control of the systemic inflammatory re-
sponse. (A) Splenic CD90.2+ ILCs, serum TNF-a levels, and neutrophil
counts in Rag1−/− mice cotreated with indomethacin and an EP4 agonist
plus anti-CD90.2 (aCD90.2) or control immunoglobulin G (IgG) antibodies
(n = 8 per group) for 4 days. (B) Expression of Ptger4 mRNA in splenic
CD90.2+ cells and serum levels of IL-22 and TNF-a in tamoxifen-treated
CD90.2CreEP4fl/+ mice (n =7) and control C57BL/6mice (n = 5) at 1.5 hours
after LPS challenge. (C to E) Rag1−/− [(C) and (D)] or C57BL/6 (E) mice
were treated with indomethacin with or without an EP4 agonist for 4 to 5 days.
(C) Percentages and numbers of ILC3s in small intestines. Cells were stim-
ulated ex vivo with IL-23 for 3 hours. Each point represents an individual
mouse. (D) Ki-67 expression in gut ILC3s. Each point represents an in-
dividual mouse. (E) Gene expression profile in gut ILC3s presented as
relative expression to the vehicle-control group. Data are the summary of
two independent experiments with eight mice per group. (F) Expression of

RORgt and IL-22 by Rag1−/− gut CD45+ lamina propria leukocytes (LPLs)
stimulated with IL-23 and PGE2 for 4 hours. Numbers in brackets repre-
sent IL-22 geometric mean fluorescence intensities of the RORgt+IL-22+

populations. (G to J) IL-22 production in supernatants by LPLs or ILC3s
isolated from small intestines of Rag1−/− mice and then cultured with
indicated conditions overnight [(G), (H), and (J)] or for 3 days (I). (K) IL-22
production by human ILC3s cultured with IL-2, IL-23, IL-1b, and PGE2 for
4 days (n = 5 donors). (L) Plasma IL-22 levels in individuals with acute pan-
creatitis (AP) at the time of hospital admission (n = 48) or healthy individual
donors (n = 28). The vertical line represents the mean for each group. Data
shown as means ± SEM (error bars) are pooled from two or more inde-
pendent experiments [(A), (C) to (E), (G), (J), and (K)] or represent one (B)
or two [(F), (H), and (I)] independent experiments. *P < 0.05, **P < 0.01,
***P < 0.001 by unpaired Student’s t test [(A), (B), (H), and (I)], one-way
ANOVA [(C), (D), (F), (G), and (J)], ratio paired t test (K), or Mann Whitney
test (L).
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systemic inflammation, we crossed CD90.2-Cre
mice (25) with EP4-floxed mice (26) to generate
tamoxifen-induced selective down-regulation of
EP4 in CD90.2+ cells (including T cells and ILCs)
in heterozygous CD90.2CreEP4fl/+ mice (Fig. 4B).
CD90.2CreEP4fl/+ mice produced lower levels of
IL-22 in response to LPS, which was associated
with augmentation of systemic inflammatory
response [e.g., TNF-a production (Fig. 4B)],
whereas down-regulation of EP4 in T cells (27)
did not affect IL-22 or TNF-a production (fig. S6).
These data demonstrate that PGE2-EP4 signal-
ing controls systemic inflammation, at least in
part, through the regulation of ILC3s.
Next, we investigated the effect of PGE2 on

ILC3 maintenance. Indomethacin significantly
reduced ILC3 numbers in the gut and spleen in
the steady state (Fig. 4C and fig. S7, A to C). This
reduction was prevented by an EP4 agonist and
wasmimicked by an EP4 antagonist (Fig. 4C and
fig. S7). Consistently, ILC3s express PGE2 recep-
tors with particularly high expression levels of
EP4 (fig. S8). Furthermore, indomethacin down-
regulated Ki-67 expression, and an EP4 agonist
prevented this reduction in ILC3s (Fig. 4D),
suggesting that PGE2-EP4 signaling potenti-
ates ILC3 proliferation. PGE2-EP4 signaling also
prevented ILC3 apoptosis in vitro but had little
effect on ILC3 apoptosis in vivo (fig. S9, A and B).
Moreover, down-regulation of EP4 in CD90.2+

ILCs not only decreased RORgt+ ILC3s but also
weakened IL-7 responsiveness [e.g., Bcl-2 expres-
sion] in ILC3s (fig. S9C). To further understand
the effect of PGE2 on ILC3s, we measured gene
expression by quantitative polymerase chain
reaction (PCR) in Lin–CD45lowCD90.2hiKLRG1–

CCR6+ ILC3s sorted from the small intestines of
mice treated with indomethacin and an EP4
agonist. PGE2-EP4 signaling up-regulates many
ILC3 signature genes, including Rorc, Il23r,
Il1r1, Il22, Il17a, Lta, Ltb, Tnfsf11, Tnfsf4, and
Bcl2l1 (Fig. 4E).
We next asked whether and how PGE2 reg-

ulates ILC3 function. PGE2 promoted IL-23–driven
IL-22 production by gut lamina propria leuko-
cytes isolated fromRag1−/−mice in vitro (Fig. 4, F
and G), and this was inhibited by indomethacin
(Fig. 4H). PGE2 also promoted IL-22 production
from splenic CD4+ ILC3s, which was mediated
by EP2 and EP4 (fig. S10, A to C). More impor-
tantly, PGE2 increased IL-23–driven IL-22 produc-
tion fromhighlypurifiedCD45+Lin–CD90.2+KLRG1–

CCR6+ ILC3s from intestines and CD3–CD11b–

CD11c–CD4+ ILC3s from spleen or bone marrow
(Fig. 4I and fig. S10D), suggesting that PGE2

acts directly on ILC3s. Additionally, PGE2 in-
creased IL-22 production from ILC3s in response
to IL-1b and IL-7 (fig. S11). PGE2 activated cyc-
lic adenosine monophosphate signaling in ILC3s
and, in turn, enhanced IL-22 production (Fig. 4J
and fig. S12, A andB).Moreover, PGE2-augmented
IL-22 production was dependent on the tran-
scription factor STAT3 (signal transducer and
activator of transcription 3), which is critical
for IL-22 production by ILC3s (28), but not
RORgt or Ahr (fig. S12, C to E). Together, these
data demonstrate that PGE2-EP4 signaling

promotes ILC3 homeostasis and IL-22 produc-
tion by stimulating ILC3 proliferation and en-
hancing cytokine (e.g., IL-7, IL-23, and IL-1)
responsiveness.
Finally, we sought to determine whether PGE2

promotes IL-22 production from human ILC3s.
To answer this question, we sorted human Lin–

CD161+CD127+CD117+CRTH2– ILC3s from periph-
eral blood of healthy donors and cultured them
with IL-2, IL-23, and IL-1b to induce IL-22 pro-
duction. Addition of PGE2 similarly up-regulated
IL-22 production from sorted human ILC3s (Fig.
4K). Moreover, expression of the human IL22
gene in healthy individuals infusedwith a bacterial
endotoxin (29) positively correlated with expres-
sion of PTGS2 and PTGES (encoding mPGES-1)
(fig. S13), two inducible enzymes that mediate
PGE2 synthesis (4). Acute pancreatitis (AP) is a
sterile initiator of systemic inflammation that
results in multiple organ dysfunction where gut
barrier injury is central to the pathogenesis (30).
Given that IL-22 was protective in an animal mod-
el of AP (31), wemeasured IL-22 levels in patients
with AP. IL-22 concentrations in plasma were
lower in patients with AP comparedwith healthy
controls at the time of hospital admission (Fig.
4L), further confirming that the reduction of IL-
22 signaling is associated with development of
systemic inflammation.
Here we identify a physiological role of endog-

enous PGE2-EP4 signaling in activation of the
ILC3–IL-22 axis, which functionally contributes
to cross-talk between the innate immune system,
gut epithelium, andmicroflora and subsequent-
ly constrains systemic inflammation (fig. S14).
These findings provide valuable insight toward
understanding how inactivation of COXs may be
harmful in severe bacterial infection and inflam-
mation (32–34). In addition, our results advance
a crucial cellular and molecular mechanism for
a scenario in which maintaining or augment-
ing PGE2 signaling—e.g., by inhibiting the PGE2-
degrading enzyme 15-PGDH—protects against
intestinal barrier injury and potentiates its
repair and control of systemic inflammation
(35, 36).
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EBOLA VIRUS

Protective monotherapy against
lethal Ebola virus infection by a
potently neutralizing antibody
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Ebola virus disease in humans is highly lethal, with case fatality rates ranging
from 25 to 90%. There is no licensed treatment or vaccine against the virus,
underscoring the need for efficacious countermeasures. We ascertained that a
human survivor of the 1995 Kikwit Ebola virus disease outbreak maintained
circulating antibodies against the Ebola virus surface glycoprotein for more than
a decade after infection. From this survivor we isolated monoclonal antibodies
(mAbs) that neutralize recent and previous outbreak variants of Ebola virus
and mediate antibody-dependent cell-mediated cytotoxicity in vitro. Strikingly,
monotherapy with mAb114 protected macaques when given as late as 5 days
after challenge. Treatment with a single human mAb suggests that a simplified
therapeutic strategy for human Ebola infection may be possible.

E
bola virus disease (EVD) causes severe ill-
ness characterized by rapid onset of fever,
vomiting, diarrhea, and bleeding diathesis
(1, 2). The challenges of a large outbreak
and the failure of traditional quarantine

and contact-tracing measures (3, 4) to control
the 2014 West Africa outbreak highlight the ur-
gent need for therapies. The success in nonhuman

primates (NHP) of ZMapp—a cocktail of three
chimeric monoclonal antibodies (mAbs) derived
from immunizedmice (5–7)—illustrated the poten-
tial of mAb therapies against EVD, and ZMapp is
currently being evaluated in human trials. To date,
efforts in NHP to simplify the ZMapp regimen to
contain fewermAbs have not been successful (7).
We sought to isolate mAbs from human EVD

survivors, with the goal of identifying antibodies
that confer clinical protection either as single or
dual-combination agents.
We obtained blood from two survivors of the

1995 EVD outbreak in Kikwit, Democratic Repub-
lic of the Congo (8), 11 years after infection. To
determine whether the subjects retained circu-
lating antibodies against Ebola virus (EBOV) glyco-
protein (GP), we assessed GP-specific antibodies
by enzyme-linked immunosorbent assay (ELISA)
(Fig. 1A) (9). The reciprocal 10%maximal binding
EC90 titer (the reciprocal dilution atwhich there is
a 90% decrease in antigen binding) for subject
1 (S1) was 2326, higher than control sera by more
than a factor of 10.Moreover, serum from themore
severely ill subject, S1, displayed potent virus-
neutralizing activity (Fig. 1B); this finding indi-
cates that S1maintained serologicmemory against
EBOVGPmore than a decade after infection and
suggested the potential for cloning immuno-
globulins with potent neutralizing activity from
S1’s memory B cells.
Therefore, we sorted memory B cells from S1’s

peripheral blood mononuclear cells and immor-
talized individual clones with Epstein-Barr virus
(10). Forty clone supernatants displayed a range
of GP binding (Fig. 1C); two of them, 100 and 114,
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Fig. 1. Isolation of antigen-specific monoclonal antibodies from an Ebola virus dis-
ease survivor. (A) Plasma samples obtained from two human survivors, an uninfected
human donor, and a nonhuman primate (NHP) vaccinated against EBOV GP were
serially diluted and analyzed by GP ELISA, A450 (absorbance at 450 nm) (n = 1).
(B) Lentivirus particles expressing luciferase and bearing EBOVGP were incubated in
the presence of heat-inactivated serum for 1 hour before addition to human embryonic
kidney 293Tcells (HEK293T). Infection was determined by measuring relative lumines-
cence (RLU) after 3 days. Percent infectivity = [(RLU with serum)/(RLU without
serum)] × 100%, mean ± SD (n = 3, representative experiment shown). (C) Immor-
talized B cell supernatants isolated from subject S1 were screened by EBOVGP ELISA,
A450 (n = 1). (D) Immortalized B cell supernatants from (C) were diluted 1:50, incu-
bated with lentivirus particles, and infection determined as in (B). Percent infectivity =
[(RLU with supernatant)/(RLU without supernatant)] × 100% (n = 1).
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expressed antibodies with markedly higher neu-
tralizing activity than all others (Fig. 1D). A sec-
ond immortalization yielded 21 clones, fromwhich
the GP-specific clones 165 and 166 were rescued
(fig. S1).
mAb100, mAb114, mAb165, and mAb166 se-

quences were amplified by polymerase chain
reaction (PCR) and antibodies produced by tran-
sient transfection. We assessed ELISA binding to
EBOV GP and observed that mAb114, mAb165,
andmAb166 displayed maximal binding nearly
50%higher than that of KZ52, a prototypic EBOV
GP–specific human mAb (11), and 25% higher
than that of 13C6, a component of the ZMapp
cocktail (6, 7) (Fig. 2A). The binding curve of
mAb100 had aplateau similar to that ofKZ52 (Fig.
2A). mAb100 and mAb114 achieved half-maximal
binding (EC50) at a concentration of 0.02 mg/ml,
which is lower than the othermAbs by a factor of
7 to 19. Thebindingprofiles ofmAb165 andmAb166
were similar to each other, with EC50 values of
0.38 mg/ml and 0.35 mg/ml, respectively; EBOV
control mAbs KZ52 and 13C6 had EC50 values of
0.33 mg/ml and 0.14 mg/ml, respectively (Fig. 2A).

To evaluate the four S1 mAbs’ capacity for
neutralization, we used lentiviral particles pseu-
dotyped with EBOV GP, a method that has been
demonstrated to recapitulate wild-type EBOV re-
sults without the need for high-level biocontain-
ment procedures (12) (Fig. 2B and fig. S2A).
mAb165 and mAb166 exhibited similar half-
maximal inhibition (IC50) concentrations of 1.77
and 0.86 mg/ml, respectively. mAb100 andmAb114
were the most potent, with IC50 values about one
log unit lower (0.06 and 0.09 mg/ml, respectively)
than those of mAb165 and mAb166. Notably, all
four of the isolated mAbs inhibited 100% of the
virus, unlike KZ52, which consistently displayed
only 80 to 90% maximum inhibition, and 13C6,
which neutralized <20% at 10 mg/ml. The S1
mAbs also potently neutralized the 2014 West
African Makona variant (fig. S2B). Neutralization
of wild-type EBOV particles by each of the iso-
lated antibodies was confirmed by plaque reduc-
tion assay (fig. S3).
Sequence analysis revealed that the S1 mAbs

displayed 85 to 95% germline identity for heavy
chains and 89 to 97% germline identity for light

chains (Fig. 2C). Analyses of germline gene usage
and V(D)J recombination indicate that they orig-
inated from different B cell lineages. We analyzed
the role of somatic hypermutations for the two
most potent antibodies, mAb100 and mAb114,
with the use of variants that were partially or
completely reverted to the unmutated common
ancestors (UCAs) (Fig. 2D and fig. S4, A and B).
The fully reverted mAb100 (UCA/UCA), as well
as a variant with a single change from the UCA
VL (UCA/gL, Ala89 → Thr), recognized cells ex-
pressing GP, with binding weaker than that of
the fully matured antibody by a factor of 2 to 4
(Fig. 2E and fig. S4, A and B). When three HCDR3
(heavy chain complementarity-determining re-
gion 3) mutations—Ala96 → Val, Val103 → Tyr,
and Tyr114→ Ser—were introduced in the reverted
germline antibody (gH/UCA), binding was com-
parable to the fully matured mAb100 (sH/sL);
this result suggests that three mutations are suf-
ficient to confer the binding observed for the fully
matured mAb100.
In the case of mAb114, the fully reverted ver-

sion (UCA/UCA) demonstrated negligible binding

1340 18 MARCH 2016 • VOL 351 ISSUE 6279 sciencemag.org SCIENCE

10210-1 100 10110-210-4 10-3

mAb (µg/ml)

0

0.5

1.0

1.5

2.0

2.5

A
45

0

%
 In

fe
ct

iv
it

y

0

50

25

75

100

125
mAb100 mAb114 mAb165 mAb166 KZ52 control

VH Identity % D JH VL Identity % JL HCDR3 length

mAb114 V3-13*01 87.37% D6-19*01 J4*02 VK1-27*01 92.83% J4*01 13

mAb100 V4-59*01 94.74% D3-16*02 J4*02 VL3-1*01 92.11% J2*01 19

mAb165 V3-7*01 89.93% D2-2*02 J4*02 VK1-39*01 89.96% J1*01 21

mAb166 V1-69*04 92.01% D3-22*01 J6*03 VK3-20*01 97.16% J3*01 16

IgG subclass

IgG1

IgG3

IgG1

IgG3

HC/L

UCA/U
CA

UCA/g
L

gH
/U

CA
gH

/g
L

UCA/sL
gH

/sL

sH
/U

CA
sH

/g
L

gH
-F

R/sL

gH
-F

R1-
2-

4/
sL

sH
/g

L-
FR

sH
/sL

0
1
2
3
4
5

80

100

120

mAb100

HC/LmAb114

13C6

sH

UCA

gH

gH-FR

gH-FR1-2-4

gH-FR3

VH Variants VL Variants

UCA

gL

gL-FR

gL-FR1-2-4

n.d.

sL

10-1 100 10110-210-4 10-3

mAb (µg/ml)

B
in

di
ng

 to
 E

B
O

V
 G

P
(r

E
C

50
-M

F
I v

s.
 m

A
b1

00
 s

H
/s

L)

0
1
2
3
4
5

80

100

120

B
in

di
ng

 to
 E

B
O

V
 G

P
(r

E
C

50
-M

F
I v

s.
 m

A
b1

14
 s

H
/s

L)

UCA/U
CA

UCA/g
L

gH
/g

L

gH
/U

CA

UCA/sL

gH
/sL

sH
/U

CA
sH

/g
L

gH
-F

R/sL

gH
-F

R1-
2-

4/
sL

sH
/g

L-
FR

gH
-F

R3/
sL

sH
/sL

FR1 FR3 FR4CDR1 CDR2 CDR3FR2

FR1 FR3 FR4CDR1 CDR2 CDR3FR2

FR1 FR3 FR4CDR1 CDR2 CDR3FR2

FR1 FR3 FR4CDR1 CDR2 CDR3FR2

FR1 FR3 FR4CDR1 CDR2 CDR3FR2

FR1 FR3 FR4CDR1 CDR2 CDR3FR2

Fig. 2. Characterization of purified EBOV GP mono-
clonal antibodies. (A) EBOVGP ELISA in the presence
of purified mAbs as indicated: A450, mean ± SD (n = 3,

representative experiment shown). (B) Pseudotyped EBOVGP lentivirus particles were incubated with increasing amounts of purified mAbs and infection of
HEK293Tcells determined as in Fig. 1B. Percent infectivity = [(RLUwith antibody)/(RLUwithout antibody)] × 100%,mean ± SD (n = 3, representative experiment
shown). (C) V-gene usage, sequence analysis, and immunoglobulin G (IgG) subclass of antibodies from S1. (D) Schematic of mAb100 and mAb114 unmutated
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to GP (Fig. 2F and fig. S4, C and D). Introduction
of two mutations (Ala96 → Val and Tyr108 → Ser)
in the HCDR3 of the mAb114 germline (gH/UCA)
was sufficient to confer an increase in binding,
although still not to the degree seen with the fully
matured mAb. Because these mutations are lo-
cated at the base of the HCDR3 loop, they likely
do not make direct contact with GP and thusmay
have a stabilizing effect on the whole HCDR3.
The fullymatured light chain and the twoHCDR3
mutations (gH/sL)were sufficient to confer bind-
ing equivalent to the fully maturedmAb (sH/sL).
The fullymutated light chain gene (UCA/sL) could
partially compensate for a lack of somatic muta-
tion in the heavy chain (Fig. 2F and fig. S4, C and

D). The presence of additional mutations on ei-
ther VH or VL is required to achieve the level of
the fully matured mAb114 binding. These results
suggest a rapid pathway of mAb114 affinity matu-
ration through one or two somatic mutations,
which became redundant as further mutations
accumulated—a finding that is reminiscent of
what was recently observed for the generation of
broadly neutralizing influenza antibodies (13).
Because mAb100 and mAb114 were the most

potently neutralizing antibodies, theywere consid-
ered optimal candidates for further evaluation
in NHP. To assess the potential for combination
therapy, we first sought to rule out antagonistic
binding toGP.We found that each antibody bound

to GP in the presence of the other, which suggests
that they recognize distinct regions onGP (Fig. 3A)
and therefore could be used as combination im-
munotherapy to maximize efficacy (14). To de-
fine the regions targeted bymAb100 andmAb114,
we used biolayer interferometry to assess GP bind-
ing in competition with mAbs KZ52 and 13C6,
which have epitopes in the GP base and glycan
cap, respectively (15, 16). We found that mAb100
competes with KZ52 for binding at the base of
GP, whereas mAb114 recognizes (at least in part)
the glycan cap region, as demonstrated by com-
petition with 13C6 (Fig. 3, B and C).
Because some EBOV GP antibodies have been

suggested to mediate antibody-dependent cell-
mediated cytotoxicity (ADCC) (17), we determined
the ADCC activity of mAb100 and mAb114 in a
flow cytometric assay (Fig. 3D). We found that
mAb100 andmAb114mediated ADCC, withmax-
imal activity observed at a mAb concentration
of 0.03 mg/ml. Target cell killing was mediated
through Fc receptors, because mAbs containing
Fc LALAmutations [Leu234→ Ala, Leu235→ Ala
(18)] abrogated ADCC activity. Therefore, these
mAbs have the potential to induce direct killing
of infected cells in vivo, a key viral clearance
mechanism.
The presence of potent neutralizing and ADCC

activity and the absence of cross-competition sup-
ported testing whether mAb100 and mAb114
offered in vivo protective efficacy. We challenged
four rhesusmacaques with a lethal dose of EBOV.
One day after challenge, the treatment group
(n = 3) received an intravenous injection with a
mixture of mAb100 and mAb114 at a combined
dose of 50mg/kg, and the treatmentwas repeated
twice at 24-hour intervals. Circulating GP-specific
antibody titers in mAb recipients peaked after
the second injection, and reciprocal ELISA titers
remained above 105 throughout the study, suggest-
ingminimal clearance of themAbs (Fig. 4A). The
untreatedmacaque succumbed to EVD on day 10
with a circulating viral load exceeding 108 ge-
nome equivalents per milliliter (ge/ml) (Fig. 4, B
and C). In contrast, all three mAb-treated ma-
caques survived challenge without detectable
viremia. Consistent with historical controls, the
untreated animal displayed hallmark indica-
tors of EVD including thrombocytopenia and
elevations in alanine transaminase and creat-
inine from day 6 through the time of death
(Fig. 4D and figs. S5 to S8). In contrast, the
treatment group remainedwithin normal ranges
for these parameters and remained free of all
EVD symptoms.
We next asked whether monotherapy is suffi-

cient for protection, focusing onmAb114 because
it showed highermaximal binding thanmAb100.
We exposed four macaques to a lethal dose of
EBOV and administered mAb114 (50 mg/kg; n =
3) to the treatment group after a 1-day delay, fol-
lowed by two doses at 24-hour intervals. All treated
macaques survived, whereas the control animal
succumbed to EVD on day 6 with a peak viral
load of 1010 ge/ml (Fig. 4, E to G). In contrast to
the previous experiment, transient viremia was
observed in the treated animals (Fig. 4F) but
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Fig. 3. Binding regions and effector function. (A) Inhibition of binding
of biotinylated mAb114 (left) and mAb100 (right) to GP-expressing MDCK-
SIAT cells by pre-incubation with increasing amounts of homologous
or heterologous unlabeled antibodies. Shown is the percentage binding of biotinylated antibody (n = 1).
(B and C) Biolayer interferometry competitive binding assay to soluble EBOV GP using mAb100, mAb114,
KZ52, 13C6, and isotype negative control. Biosensors were preloaded with GP followed by the competitor and
analyte antibodies as indicated. Analyte binding curves (B) and quantitated percent inhibition (C) are reported
(n = 3, representative experiment shown). (D) Antibody-dependent cell-mediated cytotoxicity (ADCC) assay
was determined formAb100,mAb114 (n=3, representative experiment shown), control antibody, or derivative
antibodies with LALA mutations that abrogate Fc-mediated killing of HEK293Tcells (n = 1), all at 31.6 ng/ml.
ADCC activity is shown as mean ± SD.
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remained at levels less than 0.1% of the untreated
control animal. Despite transient viremia, treated
animals remained free of clinical and laboratory
abnormalities (Fig. 4H and figs. S9 to S12).
Because a delay in treatment is a distinct pos-

sibility in an outbreak setting, we evaluated the
therapeutic potential for mAb114 when treat-
ment was delayed until 5 days after lethal EBOV
challenge. All three animals in the treatment
group survived, while the control animal suc-
cumbed to EVD on day 9. Moreover, animals
in the treatment group remained symptom-free
and protected against thrombocytopenia, tran-
saminitis, and renal dysfunction (Fig. 4I and
figs. S13 to S16).

mAb114 has several characteristics that may
contribute to protection as a monotherapy when
compared to KZ52 and 13C6, which were non-
protective in NHPs (7, 19). First, although KZ52
and mAb114 potently neutralize EBOV in vitro,
only mAb114 completely neutralizes input virus.
Second, mAb114 does not require complement
for neutralizing activity (Fig. 2B), in contrast to
13C6 (6). One hypothesis that might be derived
from these observations is that protective mono-
therapy may require both potent binding and
complete complement-independentneutralization.
In addition, mAb114’s specific mechanism of neu-
tralization [which targets an essential step in virus
entry (20)] and observed in vitro ADCC activity

may contribute tomAb114’s ability toprotect against
lethal EVD in macaques.
Our results show that antibodies as well as

memory B cells specific to EBOV are maintained
in a survivor more than a decade after infection.
For the mAbs isolated from this survivor, a po-
tential role for antibody-dependent killing is sug-
gested by in vitro ADCC activity that in vivo may
be mediated by multiple effector cells such as
natural killer cells, macrophages, or neutrophils.
In addition, these mAbs showed potent neutral-
izing activity against Ebola GP variants that have
evolved over a 40-year period. Together, these
data demonstrate the therapeutic potential of
these mAbs as dual-combination therapy and/or
monotherapy and contribute to understanding
the mechanisms of antibody-mediated protection
against Ebola virus disease.
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EBOLA VIRUS

Structural and molecular basis for
Ebola virus neutralization by
protective human antibodies
John Misasi,1,5,8* Morgan S. A. Gilman,2* Masaru Kanekiyo,1* Miao Gui,4*
Alberto Cagigi,1 Sabue Mulangu,1 Davide Corti,6 Julie E. Ledgerwood,1

Antonio Lanzavecchia,6,9 James Cunningham,5 Jean Jacques Muyembe-Tamfun,7

Ulrich Baxa,3 Barney S. Graham,1 Ye Xiang,4†‡
Nancy J. Sullivan,1†‡ Jason S. McLellan2†

Ebola virus causes hemorrhagic fever with a high case fatality rate for which there
is no approved therapy. Two human monoclonal antibodies, mAb100 and mAb114, in
combination, protect nonhuman primates against all signs of Ebola virus disease, including
viremia. Here, we demonstrate that mAb100 recognizes the base of the Ebola virus
glycoprotein (GP) trimer, occludes access to the cathepsin-cleavage loop, and prevents
the proteolytic cleavage of GP that is required for virus entry. We show that mAb114
interacts with the glycan cap and inner chalice of GP, remains associated after proteolytic
removal of the glycan cap, and inhibits binding of cleaved GP to its receptor. These
results define the basis of neutralization for two protective antibodies and may facilitate
development of therapies and vaccines.

E
bola virus (EBOV) causes a rapidly fatal
hemorrhagic fever for which there is cur-
rently no treatment (1–3). We recently iso-
lated two monoclonal antibodies (mAb100
and mAb114) from a 1995 Kikwit Ebola

survivor that potently neutralize multiple EBOV
isolates spanning more than 40 years (4). When
administered as a cocktail to rhesus macaques,
these antibodies fully protected from clinical symp-
toms, viremia, and death. Furthermore, mAb114
monotherapy fully protectedmacaques from death
and illness when given as late as 5 days after in-
fection (4). In this study, we sought to identify
the structural and molecular basis of neutraliza-
tion for these protective antibodies.
The EBOV glycoprotein (GP) is a class I fusion

protein comprising disulfide-linked subunits, GP1
andGP2,which associate to forma chalice-shaped
trimer (5–7). The GP1 subunit binds to the EBOV

receptor, Niemann-Pick C1 (NPC1), allowing GP2-
mediated fusion of the viral and host-cell mem-
branes (5, 8–11). The GP1 subunit contains a core
domain and a “glycan cap,” which are shielded
by the heavily glycosylated mucin-like domain
(MLD) (Fig. 1A). The MLD is dispensable for vi-
rus entry but is a target for host antibody responses
(6, 7, 12–16). Using immunoprecipitation (IP), we
found that mAb100 and mAb114 recognized GP
ectodomains lacking theMLD (GPDMuc), suggest-
ing that their epitopes reside elsewhere on GP
(Fig. 1B) (17).
To identify the epitopes recognized by these

antibodies, crystal structures of their antigen-
binding fragments (Fab100 and Fab114) were
determined individually to 2.0 Å and in a ternary
complex with GPDMuc to 6.7 Å (table S1 and fig.
S1, A and B). The complex structure was solved
by molecular replacement using the refined
structures of the unbound Fabs and the previ-
ously solved EBOVGPDMuc structure (6) as search
models and was refined to an Rwork/Rfree of 26.0/
34.3% (table S1). The crystal structure shows that
Fab100 binds to the base of GP, parallel to the
viral membrane, makes contacts with both GP1
andGP2, and cross-links two adjacent protomers
(Fig. 1C and fig. S1C). In contrast, Fab114 binds
within the GP chalice, perpendicular to the viral
membrane, and makes contacts with both the
glycan cap and the GP1 core (Fig. 1C and fig. S1C).
Because GPbindsNPC1 in acidic late-endosomes

and lysosomes (8–12, 16), we compared antibody
binding to GPDMuc at neutral and low pH using
cryogenic electron microscopy (cryo-EM). The
structures of the ternary complexes at pH 7.4
and 5.0 were calculated to a resolution of 9 Å by
single-particle reconstruction (fig. S2). The ternary-
complex crystal structure fit well as a rigid body
into the cryo-EM densities (Fig. 2). Further rigid-
body refinement of the Fabs andGPdid not change

the overall structure substantially, indicating that
the crystal structure closely resembles the cryo-
EM structure. Comparisons of the cryo-EM struc-
tures at pH 7.4 and 5.0 revealed highly similar
structures (Fig. 2 and fig. S2C), suggesting that
these antibodieswould remain associatedwithGP
during trafficking of EBOV to low-pH compart-
ments. Analysis of the cryo-EM structure also re-
vealed a bulky density near the Fab100 interface
that would be consistent with anN-linked glycan
at residue Asn563 of GP (6, 7) (fig. S3A). Enzymatic
trimming of the glycans using endoglycosidase H
(EndoH) did not appreciably alter Fab100 bind-
ing to GP, suggesting that N-linked glycans are
not critical for Fab100 recognition (fig. S4, A to C).
Binding of Fab100 to the base of the GP tri-

mer (Fig. 1C and fig. S1C) resembles that of
KZ52, a prototypic neutralizing antibody that
does not confer protection inmacaques (6, 18, 19).
However, Fab100 is rotated about the trimeric
axis by ~60° with respect to KZ52 (fig. S3B). This
rotation enables Fab100 to contact GP1 and GP2
of one protomer, as well as the internal fusion
loop (IFL) of the neighboring protomer, whereas
KZ52 contacts only a single protomer (fig. S3C).
Fab100 is also in close proximity to the b13-b14
loop (Fig. 3A) (residues 190 to 213), which is dis-
ordered in the previous structure (6). Biochemical
studies have shown that EBOV entry requires
cleavage of this loop by cathepsins L and B
(11, 12, 20–23), which releases the glycan cap and
MLD, exposing the receptor-bindingdomain (RBD)
within the GP1 core (8–12, 20, 21). Interestingly,
the cryo-EM structure revealed additional elec-
tron density corresponding to portions of the
b13-b14 loop in close proximity to the Fab100
light chain (Fig. 3A). The observed density would
be expected to accommodate residues 190 to
197 and 209 to 213 and may accommodate
additional residues depending on the confor-
mation of the b13-b14 loop, which is difficult to
determine given the weak electron density of this
region. We therefore hypothesized that Fab100
would sterically block proteolysis by cathepsins.
To test this, we used cathepsin L (Cat L) to digest
GPDMuc thatwas pretreatedwithmAb114,mAb100,
KZ52, or control mAb. The amount of cleaved GP1
(GP120k) was similar in the control and mAb114
reactions (Fig. 3B). Consistent with previous re-
ports, KZ52 delayed the appearance of GP120k (24).
For mAb100, the primary product was an inter-
mediate form (GP1i) with only trace amounts of
GP120k, indicating that mAb100 significantly re-
duced GP1 cleavage (Fig. 3B). Similarly, cleavage
of GP1 by thermolysin, whichmimics cathepsin
B (Cat B) (8, 11, 20, 23), was inhibited by mAb100
(fig. S4D). These data suggest that mAb100 neu-
tralizes EBOV by sterically blocking cathepsin
cleavage of the b13-b14 loop.
We next determined the affinity of Fab100

and KZ52 for GPDMuc at neutral and low pH.
The affinity of Fab100 was ~5 and ~10 times
stronger than KZ52 at pH 7.4 and 5.3, respec-
tively (Fig. 3C and fig. S4A), suggesting that
mAb100 remains tightly associated with GP in
low-pH compartments. Notably, the affinity of
KZ52 for thermolysin-cleaved GP (GPTHL) at
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pH 5.3 was decreased by a factor of more than
1000 as compared with uncleaved GP. For Fab100,
a modestly reduced affinity for GPTHL was driven
primarily by a faster dissociation rate (Fig. 3C
and fig. S4A). However, the dissociation rate con-
stant (koff) of the bivalent mAb100 immuno-
globulin G (IgG) was similar between uncleaved
and GPTHL (fig. S5), suggesting that mAb100 re-
mains bound even after proteolytic cleavage at low
pH. Due to the quaternary nature of the mAb100
epitope, which includes the internal fusion loop,
mAb100 may also prevent conformational rear-
rangements of GP that occur downstream of
proteolytic cleavage. Antibodies with quaternary
epitopes have been recently identified that po-
tently neutralize other viruses, suggesting that this
mode of binding represents a powerful immuno-
logical solution to viral entry (25–27).
UnlikemAb100,mAb114 recognizes an epitope

spanning both the glycan cap and the GP1 core
(Figs. 4A and 1C). Most contacts appear to be
made between the CDRH3 and L3 of Fab114 and
the loop connecting b8 and b9 of the GP1 core
(6). The importance of this region for mAb114
binding was confirmed by CLIPS (chemical link-
age of peptides onto scaffolds) conformational-
epitope mapping (28) (fig. S6A). Because the
contacts within the GP1 core remain after ca-
thepsin cleavage (fig. S7A), we investigatedmAb114
binding to GPTHL using IP and found that GPTHL
was recognized similarly to GP and GPDMuc (Fig.
4B). Furthermore, negative-stain EM showed
that the binding orientation of Fab114 to GPTHL
was similar to GPDMuc (Fig. 4C), demonstrating
that the glycan cap is dispensable for mAb114–
GP interaction.
Because EBOVparticles transit fromneutral to

low-pH compartments (12, 16, 20), we measured
binding kinetics of Fab114 to GPDMuc at pH 7.4
and 5.3 and observed similar subnanomolar affin-
ities (Fig. 4D and fig. S6B). When compared
with antibody 13C6,which competeswithmAb114
for binding to GP (4) but is not protective in
macaques (15, 29), Fab114 has a significantly
slower koff, leading to an affinity that is tighter by
factors of more than 250 and 40 at pH 7.4 and
5.3, respectively (Fig. 4D and fig. S6B). Impor-
tantly, 13C6 only makes contact with the glycan
cap (30), whereas mAb114 bound GP after glycan
cap removal (Fig. 4, B andC). The affinity of Fab114
for GPTHL at pH 5.3 remained high [equilibrium
dissociation constant (KD) of 8.0 nM], consistent
with our structural data showing that Fab114
primarily contacts residues within the GP1 core.
After cathepsin cleavage of GP1, a hydrophobic

pocket is exposed on the GP1 core that is formed
primarily by a1 and b4 and bordered by charged
residues in b7, b8, and b9. These regions have been
proposed to be the RBD of EBOVGP (6, 23, 31–36).
Our data suggested that the interaction ofmAb114
with residues in b7 to b9might block NPC1 access
to this pocket. To investigate this, we performed a
competition assay with mAb114, GPTHL, and
NPC1 domain C (NPC1-dC)—the domain respon-
sible for engaging cleaved GP and mediating
virus entry (8–10). Using biolayer interferome-
try, we found that when mAb114 was bound to

GPTHL, NPC1-dC was unable to bind (Fig. 4E and
fig. S6C). Similar results were obtained using IP
(fig. S6D). These findings are consistent with the
observation that both Fab114 and NPC1-dC have

similar affinities for GPTHL (Fig. 4D and fig.
S6B) and indicate thatmAb114 neutralizes EBOV
infection by preventing binding of cathepsin-
cleaved GP to its receptor NPC1.
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Despite being in the same competition group
as mAb114 (4), antibody 13C6 fails to neutralize
EBOV due to its inability to remain bound to GP
after cathepsin cleavage. Conversely, the Marburg
GP-antibody MR78 recognizes an analogous
receptor-binding domain on Marburg GP and
also binds to cleaved EBOV GP, yet fails to neu-
tralize EBOV due to its inability to recognize the
native trimer (uncleaved GP) (34, 35). The failure

of MR78 to bind native EBOV GP led to the hy-
pothesis that NPC1-blocking antibodies might
not be elicited during Ebola virus infection (34).
Strikingly, mAb114 overcomes these structural
constraints by binding to the center of the GP1
chalice with a near-vertical angle of approach
(85° with respect to the viral membrane) that
allows access to the GP1 core. The recently pub-
lished crystal structure ofNPC1-dCbound toGPTHL

revealed that in addition to making contacts
with the hydrophobic pocket exposed by removal
of the glycan cap and MLD, NPC1 also contacts
the surrounding charged region in b7 to b9 that
is bound bymAb114 (fig. S7B) (36). Taken together,
these data reveal a key site of vulnerability in the
EBOV GP targeted by mAb114 and demonstrate
that this class of antibodies can be elicited by
natural infection.
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The experiments herein reveal that mAb100
and mAb114 mediate virus neutralization by tar-
geting independent essential steps in EBOV en-
try: exposure of the RBD by protease cleavage
and receptor binding. Because these steps are
required for the entry of all members of the
Filoviridae family (8, 11), our studies identify
vulnerabilities targeted by the host immune
system that could potentially be exploited in
vaccine and therapeutic development.
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Stem cells and regenerative medicine

is the new frontier in life sciences.

Boyalife, Science and Science Translational
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Antibodies

Bio-Rad has expanded its new product 

line of Western blot-validated PrecisionAb 

Antibodies to include a vast collection 

of cancer targets (e.g., Bcl2, Bax, p53). 

These targets play central roles in the 

switch that turns a normal cell into a 

tumor cell. As part of the PrecisionAb 

line of primary antibodies, the new 
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biologically relevant cell lines that express 

endogenous levels of the targets. Only 

antibodies that detect these proteins 
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included in the PrecisionAb product 
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detect proteins that are downregulated 

in cancer. The antibodies are sold in trial 

sizes to allow for economical in-house 

validation and a positive control lysate 

so researchers can benchmark the target 

molecular weight.

Bio-Rad  

For info: 800-424-6723 

www.bio-rad.com/getprecisionab 

UV-Vis Spectrophotometer 

The NanoDrop One and NanoDrop 

OneC UV-Vis microvolume 

spectrophotometers are designed 

to help life science researchers gain 

a more complete understanding 

of sample quality and avoid costly 

delays due to troubleshooting and 

repeating experiments. These new 

spectrophotometers introduce Acclaro 

sample intelligence technology, which 

enables researchers to identify sample 

contaminants and obtain corrected 

concentration results, receive instant 

feedback about sample quality with 

on-demand technical support and 
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measure samples with embedded 

sensor and digital image analysis. The NanoDrop Oneís high-

resolution, touchscreen interface makes it easy to use as a 

compact, ergonomic instrument, while the powerful auto-range 

pathlength technology facilitates accurate measurements for 

concentrated samples with no need for dilutions. The NanoDrop 
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solution for busy labs. The NanoDrop OneC instrument features 

both pedestal and cuvette measuring positions. 
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For info: 877-724-7690
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Western Blot Substrate

Chemi FP is the most sensitive horse-

radish peroxidase (HRP) substrate for 

Western blotting yet, with attomole sen-

sitivity and a long-lasting signal output. 
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longer than is possible with typical en-

����"	���"�������"��"��"����������-

strates. This enables the user to detect 

bands not usually visualized with other 

commonly used substrates. Importantly, 

the high signal-to-noise level and large 

dynamic range of the product makes it 

ideal for quantifying low-intensity bands. 

��"���"����!#"��"��"�"�����!�����!���

the Chemi FP to be imaged using chemi-
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tion to traditional charge-coupled device 
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FP is the perfect substrate to use when 
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Documentation systems. The combina-

tion of one of Aplegenís three Western 

blotting applications with the Chemi FP 

guarantees superb results. 

Gel Company/Aplegen 

�&)����&���� ���!�"!#�

www.gelcompany.com

Mass Detector

The new control driver for the Microsaic 

4000 MiD mass detector expands the 

portfolio of instruments managed by 

Clarity, a single-point control software 

platform. The Microsaic 4000 MiD 

control module includes both digital 

control and data acquisition for the 

detector. It includes MiDas compact 

interface module controls and allows 

performing detector calibration, 

maintenance, and service operations 

from the Device Monitor software 

window. Clarity Chromatography 

Software provides seamless integration 

of Microsaic 4000 MiD with a wide 
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that are already controlled by Clarity. Clarity MS Extension greatly 

extends Clarity capabilities. Clarity is able to evaluate spectral 

data from mass spectrometry (MS) detectors together with data 
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add the third dimension for data analysis. Clarity Chromatography 

Software has a strong position in the chromatography data systems 

market. Clarity is highly regarded for its intuitive approach, excellent 
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DataApex 
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www.dataapex.com

Microplate Reader

The new reference multimode high-

throughput screening (HTS) reader 

PHERAstar FSX is the latest evolution 

in microplate reader instrumentation and 

combines high sensitivity, speed, and 
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to 3,456 wells. Built on the successful PH-

ERAstar FS platform, the PHERAstar FSX 

has improved features that make it supe-

rior to any microplate reader on the market. 

The PHERAstar FSX��������		�����	��
����

nonisotopic detection technologies and 

is unmatched in sensitivity and speed in 

�����������������������������
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polarization (FP). Moreover, the reader 
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more precise measurement results. The 

outstanding sensitivity of the PHERAstar 

FSX is based on an innovative optical 

design including three independent light 

sources. To ensure best performance for 

any assay, the PHERAstar FSX comes with 

the next-generation laser for time-resolved 

���������������������	��
�������������

energy transfer (TRF/TR-FRET). 

BMG Labtech 

For info: 877-264-5227

www.bmglabtech.com



T
odayís supercomputers can perform a mind-boggling 
10 quadrillion calculations per second, but they still 
canít match the cognitive capacity of the human brain: 
An experiment on one of the worldís fastest super-

computers in 2013 was able to mimic only 1% of 1 secondís 
worth of human brain activityóand even that took 40 minutes. 
The massive amount of hardware and power required to pro-
cess complex information is one major roadblock in develop-
�� !�����!����!������� �����!�	
����������!����!��
��!�����!�	��
sumes about 20 watts of power and is only about 1 liter in size,î 
explains Dim-Lee Kwong, executive director of the Institute 
of Microelectronics (IME) at Singaporeís Agency for Science, 
Technology and Research (A*STAR). Taking a cue from the hu-
man brain in which the left and right parts work in symphony to 
process information, what if engineers could increase the inter-
connections between a computerís central processing unit and 
���!
�
	��!���!�	���!�	��������!������!���!�	���!��������!
���!���!��
�!��!�����!�	!�	
������!���!��	� �!�����!��!�	 ���
tive computing. . . and itís coming.î 

Developing such enabling technology is a cornerstone of IME 
and represents only one way that A*STAR aims to make a name 
for itself in the realm of groundbreaking scienceóit is also how 
A*STAR is strengthening Singaporeís future economy. Over 15 
years ago, the government declared science and technology to 
be an essential pillar of the nationís economic growth. Singapore 

���31	31������3���	������3�0��3�3�
���3�	�����0	13	�3	1�3���3
0��
lion, it faces tough competition from neighboring countries to 
attract foreign investment. It was for these reasons that the gov-
ernment implemented an ambitious plan to capitalize on human 
knowledge, its most valuable asset. 

A*STARís predecessor, the National Science and Technology 
Board, was set up in 1991 to develop Singapore into a research 
���3013��������3�3����3	�3��0�1��3�1�3����1	�	2�3�1�3����3
���3
the nation more competitive globally. Early on, planners realized 
that truly innovative research is interdisciplinary. To be able to 
cross-pollinate ideas quickly, different research institutes should 
be located close to one another. The opening of Fusionopolis 
Two in fall 2015 marked another milestone in the development 
of Singaporeís research and development hub for physical sci-
ences and engineering. Fusionopolis One and Two, together 
with Biopolisóthe nationís hub for biomedical sciencesócom-
��0��3�������3������3
�����3	�3	��3��3�1�3���	���	�3�����3
across 19 buildings, and are designed for both the public and 
private sectors to conduct activities in research, innovation, and 
enterprise.

������3��
�����3��	�0��3�	
�3	�3���3����301������������3�1�3
state-of-the-art facilities for research. They also create a very 
conducive environment for spontaneous collaborations across 
the disciplines along the innovation-value chain and between 
the public and private sectors,î says Lim Chuan Poh, A*STARís 
chairman.

�01��3�012��	�� �3�3���3!��0	1��3����1	�	23"��13���30
����
mented in 1991, the government has invested nearly S$42 bil-
lion (US$29 billion at todayís rates) on research and innovation. 
The fundingís purpose has been not only to boost basic re-
search, but also to support mission-oriented research that would 
feed back into the countryís economy in terms of job growth, 
exportable technology, and increased entrepreneurship. The 
investment has paid off so far. Over the last 10 years, the num-
ber of research scientists and engineers across both the public 
and private sectors has increased from a base of 15,600 in 2002 
to 32,800 in 2014.

�	3���0���0#�3	13��0�3
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ter Lee Hsien Loong, chairman of the Research, Innovation and 
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ADVERTISEMENT

Singapore’s path 
to prosperity
Science and technology continue to be a cornerstone of Sin-

gaporeís economy. Over the years the country has built a solid 

infrastructure to create a truly interdisciplinary research environ-

ment, becoming a hub for innovative research. An 18% boost in 

���3�	�1�� �3��������3���2��3	���3���31�/�3�3��3����30�3�3�����3

nod to the success of this commitment and will continue to so-

lidify Singaporeís prominence as a global leader in science and 

technology innovation. 
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budgetó1% of the countryís gross domestic product, and a per-
centage on par with that of other industrialized countries. The 
S$19 billion (US$13.5 billion) in funding includes a budget in-
crease of more than 50% for emerging research, innovation, and 
enterprise activities. One key difference in the current budget, 
however, is the priority placed on four technology domains in 
which Singapore has either developed a competitive advantage 
or meets a national need: Advanced Manufacturing and Engi-
neering, Health and Biomedical Sciences, Services and Digital 
Economy, and Urban Solutions and Sustainability.

Interdisciplinary collaboration yields results
A*STAR has been successful in meeting the nationís research 

agenda because it has been able to build research capabilities 
ahead of industry trends, says Lim. For example, A*STAR is al-
�����,������	
,�,����	
,������,�	,�,����,����,����,�	�������,��,
����,�����,��	���,�����,���	���,�	�,��������,������	,
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����
��,�	,��,�,��	
�,��,	��,���	���
���,����,����,�����,���,
physical, digital, and biological worlds.î

The cognitive computing project now underway at IME, for 
example, could revolutionize not only research but also industry 
and society in the form of intelligent robots and devices that 

improve health. To move the re-
search forward, physical proximity 
is a huge advantage, says Kwong. 

In addition to IME, the newly 
christened Fusionopolis Two also 
������ ���,�������	
,*!+"*�,��#
search institutes: the Data Storage 
Institute, the Institute of Materials 
Research and Engineering, and the 
Singapore Institute of Manufactur-
ing Technology. 

IME is working in collabora-
tion with A*STARís Institute for 
Infocomm Research (I2R), where 
scientists are charged with devel-
oping the software that would be 
required for cognitive computing 
to succeed. I2R is located in Fusio-
nopolis One, just across a bridge 
from Fusionopolis Two, where 
�$�,��,������%,��	�����,��,�����	
,
an e-mail or making a phone call, 
we can just sit down together and 
hash out ideas,î says Kwong.

IMEís cognitive computing 
project will also require materials 
for new technology and 
innovations in data management. 
The meeting of minds fostered 
by institutes housed together 
makes it easier to move such 
ideas forward, says Kwong. Even 
a casual encounter in the elevator 
can spark a conversation about 
an idea that may have languished 
had it required more formal 
������,��,����	�����	%,���,���,
duplicating the old Bell Labs model 
[of nurturing innovation through 
collaboration],î Kwong adds. 

The proximity to industry that Fusionopolis affords also en-
sures that innovation is translated into the economy. Industry 
brings prototyping and optimization expertise, says Kwong. 
�"���,����,���,&	��#���,��,����������,���	����,���	���
�,��,
the local manufacturing infrastructure, which is how you translate 
R&D into the economy.î Two institutes located in Fusionopolis 
One have already established 19 joint labs with industry since 
2008. A*STAR hopes that the additional institutes now located 
in the adjacent building will forge even more joint research to 
develop and bring to market the enabling technologies of the 
future in key areas such as advanced materials, silicon photonics, 
data center storage technologies, and nanofabrication.

�'��	
,�����,��,�	���	����	��,�	������,���	��,����,���	�,+�	#
gapore in good stead to adapt to the evolving global economy 
�	�,��,����,����������,�	�,�������	��������,����,(��%,�)��	
,
forward, A*STAR will continue to place strategic bets on prom-
ising new areas of research and innovation to pave the way for 
Singaporeís future.î

The Advanced Remanufacturing and
Technology Centre 

��
	������������	
�����	�������������������������
stage, goal-oriented research that A*STAR will fund. However, 

Biopolis and Fusionopolis, creating an environment for interdisciplinary public-
private collaborations (clockwise from top left: Biopolis, Fusionopolis Two, 
Fusionopolis One).
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its primary role is ìto bridge the gap between academia and 
industry,î says Lim. ìThis requires us not only to work closely with 
the private sector to co-innovate, but also to look further ahead 
to invest in research that will position Singapore well for the 
future,î he adds. 

Manufacturing has been a pillar of Singaporeís economy, 
contributing about 20% to the nationís gross domestic prod-
uct. From 2004 to 2014, the sector has grown in productivity 
by 3.0% annually, outpacing the national average of 0.7%. To 
further fortify the nationís prominence as a leader in manu-
����������������	��
���������������		
���������������������
Remanufacturing and Technology Centre (ARTC) in January 
2015, with the aim to ìcreate bridges between public and pri-
vate organizations to work together in solving manufacturing 
issues,î says David Low,����������������������������������

Modeled on similar advanced manufacturing research centers 
in the United Kingdom, ARTC operates primarily through com-
pany membership. Each private member must pay an annual 
fee. In return, companies receive ARTCís research expertise, 
industrial space, and equipment to test out innovative ideas that 
improve or create new manufacturing processes. ìARTC aspires 
to be a catalyst for technical solutions and for creating business 
opportunities,î says Low. 

There are now 35 participating industry members, 
although nonmembers are also welcome to approach ARTC. 
The S$400,000 (US$285,000) annual membership fee for 
founding and Tier 1 members is hefty and the bar to qualify 
for membership is high, Low says, but members have priority 
access to ARTC brain capital, resources, and facilities. 
Members also get more out of the relationship because 
���
��������������������������������	����������������������
And because Singapore has a reputation for protecting and 
respecting intellectual property, corporate members can 
openly discuss ideas freely, without concern that trade secrets 
will be revealed. 

Rolls-Royce, for example, is an ARTC founding member. The 
company is a major manufacturer of airplane engines. A gas 
turbine engine has a typical lifespan of about 25 years. Without 
a repair process, Rolls-Royce would have to replace many parts 
over an engineís lifetime, which costs money not just in materials 
but also in energy and in the man-hours required to manufac-
ture them, Low explains. 

Singapore is the largest 
aerospace maintenance, 
repair, and overhaul 
country in Asia, says 
Low. Rolls-Royce and 
its joint venture employ 
approximately 2,500 
people in Singapore. So 
working with ARTC to 
improve the repair and 
maintenance process made 
practical sense. One of 
the 35 joint projects seeks 
to replace a chemical 
cleaning process with a 
dry-ice blasting method. 
The new method is less 
expensive than replacing 
or recycling parts and is 
more environmentally 
friendly. 

For this project, ARTC brought in AmpTec Industrial Heating, 
a local manufacturer of dry-ice cleaning equipment. The clean-
ing process is carried out by a sophisticated robot supplied 
by ABB Singaporeóa multinational manufacturer of power and 
automation technologies. ARTC integrated the dry-ice clean-
ing equipment with the robot, programming the robotic path 
as well as developing the key parameters for the cleaning pro-
��������		�����������������������������������	
����
�������
ìIf a project is successful, ARTC already has the suppliers ready 
and simply hands over the process. It bridges a gap and has-
tens the time to market, which accelerates economic growth 
for Singapore.î

New biomedical initiatives

Although research projects in computing and manufacturing 
are focused on developing enabling tools and objects, part 
of the nationís research strategy is also intended to improve 
quality of life at home. One key goal highlighted under the 
Health and Biomedical Sciences research domain is to support 
research that ìadvances the health of the people of Singapore.î 
At Biopolisóa 13-building research campus adjacent to 
Fusionopolis that provides space for both public and private 
sponsored biomedical researchóan A*STAR initiative launched 
in 2013 is already making progress toward that goal. The 
Personalized OMIC Lattice for Advanced Research and 
����������� �� ����� ����������������� �� ������������ ����������	�
goal to implement genomic medicine. Thought leaders around 
the world have pointed to molecular medicine as playing an 
ever-increasing role in improving health care outcomes. 

ìWe made a strategic decision to identify the barriers,î says 
Patrick Tan, program director of POLARIS. Although funded 
by A*STAR, the initiative is actually a multiparty collaboration 
among hospitals, regulatory agencies, and universities, says 
Tan. The barriers can be bureaucratic, administrative, or 
logistical, he adds.

One project, for example, aims to study how next-generation 
sequencing could replace conventional genotyping methods 
for tuberculosis detection and potentially enable more rapid 
detection of drug-resistant strains. Another project involves 
creating a next-generation cancer-sequencing panel that could 
�������������������� ��� ��	�������
��������������������������

out of these two projects, 
however, will be those 
showing how to speed up 
and deliver genomic tests 
to the clinic, says Tan. In 
other words, the research 
is not only about discovery 
but also about implemen-
tation. Consequently, PO-
LARIS also works closely 
with Singaporeís Ministry
of Health. 

Still another project 
will potentially translate 
a research discovery into 
knowledge that could 
���������		
���	�� ���	���	�
population. In 2012, a team 
that included researchers 
from Duke-NUS (National 
University of Singapore) 
Graduate Medical School 

ARTC helps companies advance manufacturing 
practices through technology.
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in Singapore, A*STARís Genome Institute of Singapore, Singa-
pore General Hospital, and the National Cancer Centre Singa-
pore discovered a common variation in the BIM gene in people 
of East-Asian descent that contributes to some cancer patientsí 
�����������	���������������	���	����	�����������
��������
search also pointed to a combination therapy that may be able 
to override drug resistance. The research clearly has clinical 
implications: POLARIS has developed a genomic test that can 
screen for the mutation. 

To aid the transfer of diagnostic tests to the clinic, A*STAR 
also launched the Diagnostics Development (DxD) Hub in 
2014, a national initiative that brings together clinicians, re-
searchers, innovators, entrepreneurs, and industry profession-
als with the objective of quickly transforming intellectual prop-
erty into clinically validated and marketable diagnostic devic-
es. The DxD Hub is located in Biopolis and is led by A*STARís 
commercialization division, Exploit Technologies. 

Also in 2014, A*STAR, Nanyang Technological University, and 
the National Healthcare Group signed a memorandum agree-
ing to commit at least S$100 million (US$71.3 million) toward 
the new Rehabilitation Research Institute of Singapore (RRIS). 
The collaboration will leverage the expertise of scientists, clini-
cians, and engineers to develop innovative technology solu-
tions to improve outcomes for stroke patients. The strategy 
employs clinical robotics and biomechanics as well as comput-
er games as tools to aid rehabilitation. Researchers at A*STARís 
I2R have developed a noninvasive technology, which works by 
building a direct interface between the human brain and the 
computer. Traditionally, stroke rehabilitation exercises involve 
human-to-human interaction between a therapist and patient. 
The ArtsBCI (Advanced rehabilitation therapy for stroke based 
on Brain-Computer Interface) technology uses a robotic ma-
chine to move a patientís arm, activated by electrical signals 
picked up by an electroencephalogram (EEG) netting. Clinical 
trials conducted at Tan Tock Seng Hospital and the National 
Neuroscience Institute demonstrated its use in helping stroke 
patients regain various degrees of mobility. 

ìA*STAR has played a critical role in connecting various 
research players thus far,î says Lim. Going forward, it will inten-
sify its role ìas convener and orchestrator of nationwide pro-

grams to foster greater collaboration and integration between 
academia, the clinical community, and industry, so as to trans-
late research into innovative medicines, medical devices, and 
value-based healthcare.î

The investment pays of 
Singaporeís gross domestic expenditure on research, 

innovation, and enterprise has grown from S$3.4 billion 
(US$2.4 billion) in 2002 to S$8.5 billion (US$6.06 billion) in 
2014óa testament to the nationís growth strategy. ìFrom a 
predominantly physical science and engineering research 
focus, we now have strong multidisciplinary capabilities in 
both the biomedical sciences and physical sciences and 
engineering,î says Lim. 

Other indicators also point to success: Singapore now has 
vibrant startup clusters such as the JTC LaunchPad @ one-
north, located adjacent to Fusionopolis One, which will house 
about 750 startups by 2017, up from 500 in 2015 and 250 
�	�
%��%%���%����
%�
%�����%#�$�#�%	��%����%����
��%�����%��%
startups from its research institutes since 2011. The translation 
��%�������	%�
�%���	
�����%�
��%����
������%��
�����%��
�%��%
or advances for society has landed the nation high rankings 
in several international economic indicators. Singapore was 
ranked seventh in INSEAD Business Schoolís Global Innovation 
Index 2015, and was recently ranked the worldís second-most 
competitive economy in the World Economic Forum Global 
Competitiveness Report 2015ñ2016óa position it has held 
���%% �%�����%��
������ ����%$�
������%���%����%��
���%�	�%
����
��	��	���%#��������%�%���
���%���	�
%�	�%�����������%
of innovation.

Singaporeís ability to achieve its goals within a relatively 
�	���%����%��%�%��!%�����
%��%"����
�%�� ��
��
�%��������
�%
sustained over the last few funding cycles,î says Lim. Also con-
tributing to its success is the nationís (and hence the research 
communityís) small size, which makes it easier for all parties to 
engage and work together to shape the research landscape, 
he adds. ìThis spirit of cooperation and collaboration for 
���
����%������%�
�%��������%��
�%��%����%��%� �
%����%������
cal going forward in a much more challenging and uncertain 
global environment.î

POLARIS translates genomics into clinical therapies 
for Singapore and beyond.

Technology helps stroke patients regain mobility.
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There’s only one

The University of Konstanz, with its “Institutional Strategy to promote Top-Level Research”, has been

receiving continuous funding since 2007 within the framework of the Excellence Initiative by the

German Federal and State Governments.

The Movement Ecology Cluster is a joint venture of the University of Konstanz and the Max Planck

Society to decode the general mechanisms and principles of movement and collective behavior from

the cellular to the population level.

For this cluster, the University of Konstanz is filling as soon as possible the following positions:

W3-Professor of Organismal Interactions
(Job Offer 2016/054)

W3-Professor of Limnology / Aquatic Ecology
(Job Offer 2016/055)

W3-Professor of Genetic Adaptations in Aquatic Systems
(Job Offer 2016/056)

We seek applicants who are internationally recognized for their research in the field of Organismal

Interactions and who address fundamental questions in ecology, behaviour or evolution. We are

particularly interested in researchers who have made important conceptual advances and have

worked across, or integrated, levels of biological organisation and complexity (e.g. genes and

social behaviour, individual interactions and group or population dynamics). This could involve

behavioural studies, experimental evolution, microbiomics, co-evolution, plant-insect interactions

or the study of mechanisms of interactions among organisms.

All application materials (curriculum vitae, publication list, a list of grants and awards, details of

teaching experience, as well as statements of current research topics, future research directions and

interests) should be sent as one pdf file and in English to Prof-2016-054@uni-konstanz.de, or

Prof-2016-055@uni-konstanz.de or Prof-2016-56@uni-konstanz.de until 15 April 2016.

Further information is available on our website: http://www.uni-konstanz.de/stellen or by contacting

Hanns Fahlbusch, phone +49(0)7531/88-2413, e-mail: hanns.fahlbusch@uni-konstanz.de .

Head

Department of Animal Science

The University of Nebraska-Lincoln (UNL) Institute of Agriculture and Natural Resources (IANR) is
seeking candidates for the position of Head, Department ofAnimal Science.

The Head, Department of Animal Science is directly responsible for oversight of the integrated research,
teaching and extension/outreach programs of on-campus faculty in the Department. The Department has a
tradition of excellence in undergraduate and graduate education, research and extension/outreach in animal
sciences (http://animalscience.unl.edu/). The Department Head reports to the Deans of the Agricultural
Research Division (ARD), College of Agricultural Sciences and Natural Resources (CASNR), and
Cooperative Extension Division (CED) at UNL, and as such is part of the IANR Administrative Team
working collaboratively with IANRAdministration and all unit administrators.

Candidates must possess (1) a PhD or equivalent in animal science or a related discipline; (2) a record
of achievements in their feld of expertise and be qualifed for appointment as a tenured, full professor
in the Department of Animal Science; (3) a documented record of collaborative leadership experience
including leadership of teams through the ability to envision, facilitate, develop, and coordinate innovative,
interdisciplinary and collaborative research, teaching, extension, or training programs.

Preferred qualifcations include: (1) experience building new partnerships to capitalize on emerging
research, teaching or extension opportunities; (2) experience working with faculty and administrators to
enhance capacity in animal science; (3) experience in mentoring undergraduate students, graduate students,
or other professionals; (4) experience in creatingmeaningful research-based engagement with clientele and
stakeholders; and (5) leading submission of competitive applications for large, extramural grants to support
research, teaching, extension, or training efforts.

Nebraska ranks #4 in the US in total livestock receipts and livestock products account for about 2/3 of
Nebraska’s farm income. As of February 2016, Nebraska ranked #1 in cash receipts from meat animals,
commercial readmeat production, commercial cattle slaughter, and cattle on feed; #2 in ethanol production;
#3 in corn grain production; #4 in beef cows; and #6 in hogs and pigs.

To view the details andmake application, go to http://employment.unl.edu. Search for position #F_160065.
Click on “Apply to this job.” Complete the application and attach a letter of interest, curriculum vitae,
contact information for three professional references, and a one-page statement of administrative philosophy
(Other). Review ofApplications will begin onMay 2, 2016, and continue until the position is flled or the
search is closed.

The University of Nebraska-Lincoln is committed to a pluralistic campus community through
Affrmative Action, Equal Opportunity, work-life balance, and dual careers.

See http://www.unl.edu/equity/notice-nondiscrimination.
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Looking to hire a cancer researcher? Reach them through the

pages of Science. Our upcoming cancer feature explores how

major institutions are planning to prepare for the challenges

involved in precisionmedicine. This hot research area is sure

to draw the readers you need to reach.

Whatmakes Science the best choice for recruiting?

§ Read and respected by 400,000 readers around the globe

§ Your ad dollars support AAAS and its programs, which

strengthens the global scientific community.

Why choose this feature for your advertisement?

§ Relevant ads lead off the career section with a special

cancer research banner

§ Bonus distributions:

American Association for Cancer Research,

April C6–20, NewOrleans, LA

AACR Career Fair, April C6, NewOrleans, LA.

Expand your exposure by posting your print ad online:

§ Link on the job board homepage to a landing page

for cancer research positions.

Cancer
Research

Cancer Feature:

Issue date: April B

Ads accepted until April C if space allows

Produced by the Science/AAAS Custom Publishing Office.
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Duke University
Department of Ophthalmology

Faculty Position for Associate
or Full Professor in
Eye Research

The Department of Ophthalmology at
Duke University School of Medicine
seeks applications for a faculty position
as Associate or Full Professor with tenure.
We are particularly interested in candidates
with laboratory research programs exploring
innovative approaches to understanding the
biology of the visual systemor pathobiology
of vision loss.Applicantsmust hold a Ph.D.
and/or M.D., demonstrate an outstanding
record of research accomplishment ,
and maintain active NIH funding. An
endowed chair may be available to qualifed
candidates. Please send a CV, a brief
cover letter with career and research
interests, and names of 3-5 references to
Search Committee, c/o Ashley Barnwell
at: EyeCenterFacultyRecruitment@
dm.duke.edu.

Duke University is an Affrmative Action,
Equal Opportunity Employer.

IN SEARCH OF
REMARKABLE SCIENTISTS
Molecular Technologist, Houston, Texas

Do you have a PhD in microbiology or biochemistry with a strong
desire to change the world to biofuels? Then we’d like you to help us
pilot an exciting new project.

Joining our in-house microbial biofuels team, you’ll be working with
transformable host organisms to efficiently produce different biofuel
components at both lab and pilot scale. You’ll need experience in
one or more of the following areas: metabolic pathway improvement
via transformation, microbial/pathway evolution, transformation of
non-standard hosts, solid or liquid fermentation (batch or continuous
flow at pilot scale).

Find out more and apply online at www.shell.com/careers. In the
“Students and Graduates” section, click on “Shell Recruitment Day”
and then create an account. When entering your contact details,
select “Other” in response to “Where you found out about this Shell
opportunity,” click “Next” and then type in “Biofuels.”

DISCOVER WHAT YOU CAN ACHIEVE AT SHELL

Minority, Female, Disabled and Veteran EEO/AA Employer.

Jobs are updated 24/7

Search thousands of jobs
on your schedule

Receive push notifications
per your job search criteria

ScienceCareers.org

Get a job on the go.

Search worldwide for thousands of

scientific jobs in academia, industry,

and government. The application

process is seamless, linking you

directly to job postings from your

customized push notifications.

Scan this code to
download app or visit
apps.sciencemag.org

for information.

Download the
Science Careers jobs app from



myIDP: A career plan customized for you, by you.

Visit the website and start planning today!

myIDP.sciencecareers.org

Features inmyIDP include:

§ Exercises to help you examine your

skills, interests, and values.

§ A list of 20 scientific career paths with

a prediction of which ones best fit your

skills and interests.

§ A tool for setting strategic goals for the

coming year, with optional reminders

to keep you on track.

§ Articles and resources to guide you

through the process.

§ Options to savematerials online

and print them for further review

and discussion.

§ Ability to select which portion of your

IDP youwish to share with advisors,

mentors, or others.

§ A certificate of completion for users

that finishmyIDP.

For your career in science, there’s only one

In partnership with:

Recommended by
leading professional
societies and the NIH

o
n

li
n

e
 @

sc
ie

n
ce

ca
re

e
rs

.o
rg



Advance your

career with expert

advice from

Science Careers.

Featured Topics:

§ Networking

§ Industry or Academia

§ Job Searching

§ Non-Bench Careers

§ And More

Download Free Career Advice Booklets!

ScienceCareers.org/booklets
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At fi rst, I found few research op-

portunities and mentors. In Paki-

stan, it is unusual for medical 

students to pursue research. At my 

university hospital, clinicians with 

a strong research background were 

rare, especially in a fi eld like psy-

chiatry. Also, I was not at the top of 

my class, and several faculty mem-

bers I approached tried to discour-

age me from pursuing research by 

saying it would be overwhelming 

alongside my medical studies. 

I fi nally found a mentor during 

my third year of medical school. 

Our lecturer in physical medicine 

and rehabilitation believed in the 

importance of research and invited 

me and other interested students 

to join him on a project investi-

gating the attitudes of Pakistani 

medical students and faculty members toward plagiarism. 

Through this lecturer I also learned about AuthorAID, 

an international development program coordinated by 

the U.K.-based charity INASP that aims to help research-

ers in developing countries publish their research. I used 

AuthorAID and its online library to learn about the scien-

tifi c method, research design, and the writing and publish-

ing processes. I deepened my biostatistics skills by reading 

books, taking free courses that I found online, attending 

webinars of ered by research agencies in Pakistan, and 

teaching myself how to use statistics software packages. 

Over time, I also learned to reach out to get more help. 

While working on the plagiarism project, I got in touch 

with the scientist at the University of Rijeka in Croatia who 

had developed the original survey questionnaire. I was 

thrilled when she agreed to teach me while she conducted 

the validation analysis and wrote up the results. A few 

months later, I was able to use what I had learned to survey 

the mental well-being of Pakistani 

health care professionals. With lan-

guage help from AuthorAID in the 

Eastern Mediterranean (a separate 

AuthorAID project), I published a 

fi rst-author paper about the work. 

Since then, I have been grateful to 

receive email supervision from re-

searchers I have contacted in the 

United States, the United Kingdom, 

and Japan. This has helped me fur-

ther expand my skills and pursue 

other scientifi c interests, which 

today include the psychosocial fac-

tors in Pakistan that af ect anxiety 

and depression during pregnancy. 

I pay it forward by sharing my 

knowledge with junior students at 

my institution through workshops 

and collaborations. Challenges re-

main, however. In particular, there 

is little fi nancial support for research in Pakistan, especially 

for undergraduates, and my co-authors and I have had to put 

in our own money while trying to be as frugal as possible. 

I have a long way to go to fulfi ll my dream. After I gradu-

ate this summer, I plan to complete both my clinical and 

research training, ideally in the United States. In addition 

to establishing a clinical practice, I hope one day to set up 

an epidemiological research center in Pakistan that would 

help improve the standard of care for mothers and children 

with mental health issues. But my experiences so far have 

encouraged me to believe that if I work hard, persevere, and 

make the most of the resources available, I can reach my 

most far-fetched ambitions. ■

Ahmed Waqas is in the fi nal year of his Bachelor of Medicine 

and Bachelor of Surgery degree at the CMH Lahore Medical 

College and Institute of Dentistry in Pakistan. Send your 

story to SciCareerEditor@aaas.org. 

“Over time, I also learned 
to reach out  to 
get more help.”

How I made my own opportunities

L
ike many other medical students in Pakistan, during my fi rst year of medical school I aspired 

to become a neurosurgeon to enjoy a lucrative lifestyle and high social status. But all that 

changed when I was diagnosed with depression during my second year. Although painful, 

the experience instilled in me a passion for psychiatry, a fi eld that has yet to establish itself 

in Pakistan. Today, my dream is to improve mental health care for mothers and children in 

low- and middle-income countries. I want to take a combined academic and clinical approach, 

but I have found many obstacles to pursuing research in Pakistan. Persistence and an ability to 

leverage whatever resources I can fi nd have been key to my success thus far.

By Ahmed Waqas
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