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I
n his first inaugural address, U.S. President Obama 

said, “We’ll restore science to its rightful place…” 

He subsequently used this phrase to frame a num-

ber of activities across his administration.* While I, 

like many in the scientific community, was pleased 

with this declaration, I found the term “rightful 

place” to be thought-provoking. 

The word “rightful” is usually taken to mean legitimate 

or morally appropriate. Yet, 

the word “right” has mul-

tiple meanings; it can mean 

morally good or justified, as 

noted above, but it can also 

mean true or correct as fact. 

It is the latter meaning that 

is essential for the position 

of science in government.

The scientific method 

has proved to be the best 

method for determining 

what is factually correct. 

Facts are important because 

they are robust and pro-

vide foundations on which 

intellectual constructs and 

technologies can be built. 

Consider, for example, in-

vestigations by Albert Mi-

chelson and Edward Morley 

on the speed of light. To 

their surprise, they discov-

ered, with great precision, 

that the speed of light was 

the same in all directions. 

This became a pillar for 

Hendrik Lorentz’s and Albert Einstein’s work leading 

to formulation of the theory of special relativity. Today, 

it provides the framework for a vast amount of modern 

technology, such as Global Positioning Systems.

The ability for science to get the facts right also has 

profound implications for health care. While I was a 

professor at Johns Hopkins University School of Medi-

cine during the 1990s, the AIDS epidemic continued to 

accelerate in the absence of effective treatments. There 

were serious discussions of how to manage the crisis 

as hospital beds filled with AIDS patients, with projec-

tions that the capacity to handle the situation would 

soon be overwhelmed. The identification of human 

immunodeficiency virus (HIV) as the cause of AIDS, 

the demonstration that two enzyme activities (reverse 

transcriptase and protease) were essential for the vi-

ability of the virus, and the development of combina-

tion therapies that included inhibitors of both enzymes 

stopped acceleration of the epidemic in developed 

countries. Remarkably, it was recently reported that 

individuals in the United States infected with HIV are 

now more likely to die from smoking-related diseases 

than from AIDS. The adverse health effects of tobacco, 

of course, had previously been established by scientific 

investigations, but those re-

sults were met with denial 

of the facts and consider-

able political resistance, 

delaying policy changes 

and societal benefits.

American surgeon Ber-

nard Fisher nicely framed 

the importance of the sci-

entific method for getting 

the facts on which policies 

and practices can be based. 

In the 1960s, Fisher ques-

tioned the notion of radi-

cal, deforming operations 

as the best way to treat 

breast cancer. On the basis 

of laboratory results, he 

believed that breast cancer 

could be a systemic rather 

than a local disease. From 

this basic science insight, 

Fisher proposed that some 

breast cancer surgeries 

failed to prevent metasta-

sis because the cancer had 

already spread at the time 

of surgery. He led a clinical trial comparing radical 

mastectomy with more limited surgery in the face of 

considerable opposition, including accusations of un-

ethically risking patients’ lives. The trial found no sig-

nificant difference in the results of the two approaches. 

Fisher described his approach to mediating scientific 

discussions with the statement, “In God we trust; all 

others require data.”

The United States will face many issues related to cli-

mate change, medical and public health challenges in-

cluding vaccines and other technologies, and the roles 

of computers and artificial intelligence tools in society, 

among other national and global matters. In 2017, let re-

spect for data and rigorous analysis establish the rightful 

place for science in the new U.S. administration.

–Jeremy Berg 

Science’s rightful place

Editor-in-Chief, 

Science Journals. 

jberg@aaas.org

10.1126/science.aam5525*www.whitehouse.gov/blog/2016/06/21/100-examples-putting-science-its-rightful-place

“...let respect for data and 
rigorous analysis establish the 

rightful place for science...”
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AROUND THE WORLD

Cracks in U.S. spending freeze
WASHINGTON, D.C. |  Congress has 

extended the current spending freeze on 

all U.S. agencies until 28 April 2017. But it 

spared several research-related projects at 

the National Institutes of Health (NIH), the 

Census Bureau, the National Oceanic and 

Atmospheric Administration (NOAA), and 

NASA. President Barack Obama signed the 

latest so-called continuing resolution (CR) 

Friday night to avert a government shut-

down. The CR grants NIH $352 million as 

a down payment on projects included in 

the 21st Century Cures Act, also signed into 

law this week. It allows the Census Bureau 

to test new approaches to the decennial 

census in 2020 that could shave $5 billion 

off a projected cost of $20 billion. NASA 

gets to continue building a new rocket and 

astronaut capsule for humans to return 

to the International Space Station and the 

moon, and possibly explore Mars. And 

NOAA gets the OK to continue building a 

series of polar-orbiting weather satellites, 

the first of which is scheduled to go up in 

late 2017.

Shortcut for stem cell therapies
WEST PALM BEACH, FLORIDA |  Major 

changes may be ahead for how the U.S. 

Food and Drug Administration (FDA) 

evaluates stem cell therapies. The mam-

moth biomedical bill known as the 21st 

Century Cures Act, which was signed into 

law this week, includes a section address-

ing regenerative medicine that prompted 

Data mount linking Zika, birth defects

NEWS
I N  B R I E F

“
We’re living on soft signals. They might be asking 

questions to see how good the arguments are.

”Patent policy specialist Robert Cook-Deegan of Arizona State University 

in Tempe, on the danger of using the queries of judges at the 6 December hearing 

on CRISPR intellectual property rights to anticipate their decision.

Law may ease way for stem cell–based therapies.

T
wo studies this week strengthen the link between Zika virus 

infection of pregnant women and a range of serious birth 

defects. Researchers in Colombia have identified more than 

147 babies in the country infected with Zika and born with 

microcephaly since January, they reported in the Morbidity 

and Mortality Weekly Report, a publication of the U.S. Centers 

for Disease Control and Prevention. That is more than twice as many 

as the Colombian ministry of health reported publicly (http://scim.

ag/ColombiaZika). The news may help solve a puzzle: After Brazil, 

Colombia has been hardest hit by Zika, yet it appeared to have far 

fewer microcephaly cases per capita. It now appears that incomplete 

reporting may explain some of the disparity. A second study, in The 

New England Journal of Medicine, reported that among 182 pregnant 

women in Rio de Janeiro, Brazil, who tested positive for Zika virus, 

46% experienced “adverse outcomes” affecting their babies. The prob-

lems included miscarriage, infant brain hemorrhages, and four cases 

of microcephaly. Among women infected during their first trimester, 

55% had adverse outcomes. Similar problems were identified in 52% 

of women infected in their second trimester and 29% of women in-

fected in their third trimester. http://scim.ag/_ZikaRio

Colombian authorities are giving pregnant women mosquito nets to minimize Zika virus transmission. 
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buzz at last week’s annual World Stem 

Cell Summit. The new law could lessen 

the regulatory hurdles imposed by FDA by 

designating stem cell therapies as “regen-

erative advanced therapy.” Products that 

qualify would be eligible for several exist-

ing shortcuts in the FDA review process. 

They include an accelerated approval path-

way that allows a drug to reach the market 

based on what are called intermediate 

clinical trial endpoints—measures like 

imaging data or markers in blood that may 

be predictive of survival or other long-term 

disease outcomes. Those can mean fewer, 

shorter, or smaller trials. However, critics 

of the measure worry that speedier approv-

als on less evidence could put experimental 

therapies on the market before they’re 

proven effective. http://scim.ag/CURESstem

Debating an embryo rule
LONDON | Should scientists be allowed to 

study embryos cultured in the lab beyond 

14 days after fertilization? U.K.-based bio-

logists and ethicists met last week to 

debate the topic at a daylong workshop 

held by the London-based nonprofit the 

Progress Educational Trust. Biologists 

in the United Kingdom and many other 

countries have not been allowed to culture 

human embryos in the laboratory longer 

than 14 days—which has never posed a 

constraint because it wasn’t possible to 

keep embryos alive longer than about a 

week anyway. But earlier this year, two 

teams reignited the debate when they suc-

ceeded in keeping embryos alive for 

13 days. Developmental biologist 

Magdalena Zernicka-Goetz of the 

University of Cambridge in the United 

Kingdom, who led one of the teams, noted 

that an extension would bring scientific 

gains, such as understanding the develop-

ment of the central nervous system. But 

philosopher Mary Warnock, who chaired 

a committee in the 1980s that shaped 

current regulations, urged caution; 

researchers should first learn what they 

can from embryos 5 to 14 days old, she 

said; that might also help build a case for 

benefits from older embryos in the future. 

http://scim.ag/14dayruledebate

State water war kills weather bill
WASHINGTON, D.C. | A decades-long feud 

between three southern states over water 

last week killed a bill in the U.S. Congress 

that was poised to bolster the nation’s 

weather forecasting capabilities, includ-

ing support for seasonal predictions and 

commercial alternatives to collecting data 

(Science, 9 December, p. 1212). The bill, 

which passed the Senate on 1 December 

and had broad bipartisan support, was 

widely expected to pass the House of 

Representatives as well. But in the most 

recent version, Senator Bill Nelson (D–FL) 

added a call for a study of the water 

management of the Apalachicola River and 

its tributaries, a river system shared by 

Georgia, Florida, and Alabama; the states 

have battled over its management for 

decades, and the addition drew a heated 

response from Georgia representatives. The 

bill was not brought up for a vote before 

the House adjourned for the remainder 

of the year. It will likely return next year, 

and scientists will continue to push for a 

deal, says Tony Busalacchi, president of the 

University Corporation for Atmospheric 

Research based in Boulder, Colorado, 

which has advocated for the bill for 

4 years. http://scim.ag/waterforecast

PubPeer wins comments battle
DETROIT, MICHIGAN | A Michigan appeals 

court last week handed PubPeer, a website 

that allows anonymous reviews of techni-

cal papers, a key win in its legal battle with 

a researcher who claims the site cost him 

a job and sullied his reputation. In 2014, 

Fazlul Sarkar, a cancer researcher at Wayne 

State University in Detroit, Michigan, sued 

anonymous commenters at the site for 

defamation, claiming their posts alleging 

misconduct cost him a lucrative position at 

the University of Mississippi and demanding 

The genes that make seahorses so weird

S
eahorses are bizarre little ocean anomalies, from their tube-shaped snouts to 

their prehensile tails. Perhaps their most unusual trait: It’s the males that give 

birth. Now, a research team has begun to investigate the genetic basis for these 

evolutionary oddities, by sequencing and analyzing the genome of a male tiger 

tail seahorse (Hippocampus comes) and comparing it with the DNA of other 

bony fish species. The seahorse species, the team reported this week in Nature, 

evolved at a faster rate than its ancestors. Though it is unclear why, the rapid pace 

has lead to key genetic changes: For example, H. comes lacks most of the genes that 

influence enamel development; instead of teeth, its jaws have fused into a tubular 

snout and tiny mouth, suitable for slurping up food from the sea floor. And although 

most fish depend on their sense of smell for survival, H. comes has relatively few 

smell-related genes. H. comes and its brethren seahorses also lack the genes for pel-

vic fins—which might explain their elongated tail and bony body armor. But H. comes

does have an abundance of one gene: Dubbed Pastrisacin, the gene is associated with 

male pregnancy, and the seahorse genome contains six copies of it.

Researchers sequenced 

the whole genome of the 

tiger tail seahorse. 

Published by AAAS
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that PubPeer release the names of his accus-
ers. In 2015, a judge ruled that all but one 
of the commenters could remain anony-
mous; the American Civil Liberties Union 
appealed that decision on behalf of PubPeer. 
Now, three judges on the Michigan Court 
of Appeals have reversed the 2015 decision, 
stating that Sarkar could continue to pursue 
a defamation case, but “is not entitled to 
unmask the identities of any speakers on 
pubpeer.com with respect to those claims 
due to the anonymity protections afforded 
by the First Amendment.”

 Scientists are unmuzzled
OTTAWA |  Scientists working for the 
Canadian government this week success-
fully negotiated a clause in their new con-
tract that guarantees their right to speak 
to the public and media about science 
and their research without first seeking 
approval from their managers. Under the 
previous prime minister, Stephen Harper, 
many government-employed scientists 
complained that they were forbidden from 
discussing their research without approval. 
Justin Trudeau’s Liberal govern-
ment, which came to power last year, 
has reversed many of those restrictive 

communication policies. But the scientists’ 
professional union, which represents 
about 15,000 researchers, says it wants 
to ensure that those rights are protected
in the future. The deal, announced on 
12 December and the first of its kind in the 
world, states that “employees shall have 
the right to express themselves on science 
and their research … without being desig-
nated as an official media spokesperson.”
It also includes an agreement for the 
union and government to work together to 
develop broader science integrity policies 
and guidelines. http://scim.ag/Canadamuzzle

NEWSMAKERS

Physicist accused of plagiarism
French physicist and philosopher Étienne 
Klein, one of the country’s best known 
scientists and popularizers of science, has 
been accused of appropriating passages 
from other scientists, philosophers, and 
famous writers in his work, including novel-
ists Émile Zola and Stefan Zweig. Klein, 
who leads a lab for material sciences at the 
Alternative Energies and Atomic Energy 
Commission in Saclay, France, has written 
numerous popular science books and hosts 

a weekly radio show; in September, he was 
named president of the Institute of High 
Studies for Science and Technology, which 
seeks to buttress public trust in the scien-
tific enterprise. But many passages from 
his recent Albert Einstein biography appear 
to have been lifted almost verbatim from 
other sources, the weekly news magazine 
L’Express reported in November; in a subse-
quent article, the magazine also cited other 
examples of alleged plagiarism in his work. 
Klein, responding on his own website, said 
he had made mistakes but that he hasn’t 
knowingly committed plagiarism. 
http://scim.ag/EtienneKlein

Three Qs
Representative John Culberson (R–TX) has 
a big voice in setting the budgets of NASA, 
the National Science Foundation (NSF), and 
other science agencies as chair of a congress-
ional spending panel. Last week, he talked 
with Science about the future of U.S. science 
policy, including the White House Office of 
Science and Technology Policy (OSTP). 
http://scim.ag/CulbersonQA

Q: Would you like to see any changes to OSTP?

A: I’d be hard-pressed to identify any 
tangible, specific accomplishments or 
achievements of the office. It’s important 
that we make government as efficient as 
possible. I think the president obviously 
needs a science adviser. But there are other 
places where he can get good advice. NSF 
is the nation’s leader in scientific research, 
and NASA is responsible for preserving 
America’s leadership in space exploration. 
… I don’t know that [OSTP] needs a large 
staff or a big operation.

Q: Have you talked to the transition team of 

President-elect Donald Trump about your 

plans for missions to the jovian moon Europa 

and Alpha Centauri?

A: Right now they are focused on filling 
the top positions within the administra-
tion. But I’ve had good conversations with 
them on the need to make sure that the 
U.S. space program is the best on Earth 
and that it will be an American spacecraft 
that discovers life on another world and 
achieves interstellar travel. 

Q: There has been talk of moving earth sci-

ences out of NASA.

A: At this point that is very speculative. 
There’s strong support in Congress for 
keeping a close eye on planet Earth and 
understanding our complex planet. It will 
continue to be a topic of ongoing discussion. 
But nobody in the earth sciences community 
should be concerned in the least.  

A supermassive black 

hole shreds a star in 

this artist’s illustration. 

A spinning, star-eating black hole

E
arlier this year, astronomers saw a flash in the sky tens of times brighter than our 

entire Milky Way galaxy. At the time, many thought it was the brightest super-

nova ever detected. But new data suggest it’s something much more exotic. The 

flash was spotted in 2015 by the All-Sky Automated Survey for Supernovae, a 

network of small telescopes in Chile and Hawaii that monitors the sky for fast-

changing objects. Astronomers assumed it was a superluminous supernova, which 

may occur when a massive star collapses under its own gravity, spewing out a bright 

fireball of hot dust and gas. But additional data on the event, gathered from sources 

ranging from the European Southern Observatory’s Very Large Telescope in Chile 

to the Hubble Space Telescope, point to a very different origin for the bright flash: 

the dying gasp of a star that strayed too close to the supermassive black hole at the 

center of its galaxy. It may then have been ripped apart by the black hole’s extreme 

gravitational field, the researchers suggest this week in Nature Astronomy, in an 

extremely rare phenomenon called a tidal disruption event. 

Published by AAAS
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iomedical researchers tackling ge-

netic diseases dream of tracing a 

clean, straight line from discovering 

a mutation to understanding a dis-

ease’s mechanism to developing a 

curative drug. The messy complexi-

ties of biology have often frustrated that 

hope. But building on a deep understand-

ing of the basic biology of a disease, they 

have now taken just such a path to what 

appears to be an unprecedented advance in 

treating spinal muscular atrophy (SMA), a 

progressive, fatal neurological disorder that 

kills its most severely affected victims as ba-

bies or toddlers. The therapy, called nusin-

ersen, is poised to win regulatory approval 

within weeks or months, and it may well be 

a harbinger of successes with other grave, 

inherited neurological disorders, from 

Huntington disease to subsets of amyo-

trophic lateral sclerosis (ALS).

“This is a huge win for our field,” says 

molecular neuroscientist J. Paul Taylor of 

St. Jude Children’s Research Hospital in 

Memphis, Tennessee, who is not involved 

with the drug or with the companies behind 

it. “There has never been a disease-altering 

therapy for a neurodegenerative disease.” 

As one of a long, but often disappointing, 

class of drug candidates called antisense, 

which use snippets of genetic sequence to 

correct errors in the conversion of RNA 

into proteins, nusinersen could open the 

way to similar treatments for other neuro-

degenerative diseases. “Nusinersen is a 

game changer,” says Loren Eng, the presi-

dent of the SMA Foundation in New York 

City and the mother of a 16-year-old with 

the disease. “It’s a drug that treats a disease 

that has never been treated before. It’s also 

a model for how to make drugs and get 

them across the finish line early.”

SMA, the most common genetic cause of 

death in childhood, inexorably destroys the 

motor neurons of the spinal cord and brain-

stem. These cells allow movement, includ-

ing swallowing and breathing. About one 

in 50 adults is an asymptomatic carrier of 

the recessive genetic defect that causes it, a 

flaw in the gene SMN1—for “survival motor 

neuron 1.” In children who inherit two cop-

ies of the defect—between one in 8000 and 

one in 12,000 infants—the SMN protein is 

largely missing, which leads to the death of 

motor neurons. Toddlers with the most se-

vere form of the disease ultimately suffocate 

when their respiratory muscles give out. 

Children with milder forms of SMA can 

survive into adulthood, but must cope with 

progressive and often immobilizing weak-

ness. The disease course depends on how 

many copies they carry of a very slightly dif-

ferent gene, SMN2, that produces a modest 

amount of the SMN protein. Most of the time 

that protein degrades quickly, because after 

transcribing SMN2, cells splice out a key bit 

of protein-coding genetic sequence, so-called 

exon 7, producing a truncated version. 

But nusinersen, a snippet of modified nu-

cleic acid akin to RNA, can keep those vital 

motor neurons alive. Its short sequence com-

plements part of a messenger RNA (mRNA) 

precursor produced by SMN2, binding to 

the molecule there and altering its process-

ing so that exon 7 is included and the gene’s 

full-length, functional protein is made (see 

graphic, p. 1360). 

The drug’s efficacy seems clear from 

strongly positive, though unpublished, 

results from two late-stage clinical tri-

als. On 7 November, a trial of the drug in 

84 wheelchair-bound children was stopped 

on the grounds that the treatment’s benefits 

were so obvious that it was unethical to deny 

the antisense therapy to the 42 untreated 

children in the control arm. On measures 

including 33 tests of movement such as sit-

ting, standing, and taking steps, investiga-

tors found a “highly statistically significant 

improvement” in the treated children. In 

July, a similar trial in 121 infants with the 

most severe form of the disease, who would 

otherwise die within several years, was sim-

ilarly stopped in order to allow the 41 ba-

bies in the control group to begin receiving 

nusinersen. Soon thereafter, the U.S. Food 

and Drug Administration (FDA) and the 

I N  D E P T H

By Meredith Wadman

BIOMEDICINE 

Antisense rescues babies from killer disease
Spinal muscular atrophy drug may herald treatments for other genetic brain illnesses

Laboring to breathe and near death as a baby, Cameron Harding, nearly 3, receives a drug that keeps his motor neurons alive, allowing him significant muscle movement.
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European Medicines Agency granted the 

drug fast-track review status. 

Nusinseren clearly saved Cameron 

Harding of Charleston, South Carolina, who 

was diagnosed with SMA at 5 weeks old af-

ter his parents noticed that their newborn 

son couldn’t move and was struggling to 

breathe. He began receiving the drug in a 

clinical trial at 7 weeks old and continues to 

do so. Late this month he will turn 3 years 

old. Over that time, he has gone from lying 

immobile to moving his arms to grasping 

toys to sitting up unsupported to standing 

with support and, lately, barreling around 

in a light-weight wheelchair he propels 

with his arms. “He absolutely would not be 

alive without the medication. He wouldn’t 

have lasted 6 months,” says Cameron’s fa-

ther, Rob Harding. 

Cameron is still improving, he adds. “We 

were very afraid he would reach a plateau 

and that was going to be it. But he contin-

ues to get stronger.” 

Other antisense drugs have had far less 

success over the past 2 decades, with only 

a handful earning marketing approval. The 

most recent was the most controversial. In 

September, Sarepta Therapeutics of Cam-

bridge, Massachusetts, won approval from 

FDA for eteplirsen, which aims to treat boys 

with a particular mutation causing another 

progressive and ultimately fatal inherited 

condition: Duchenne muscular dystrophy. At 

the molecular level, eteplirsen does the op-

posite of nusinersen: It removes an exon that 

disrupts the reading of an mRNA precursor 

for a protein, dystrophin, that muscles need. 

But the resulting protein is truncated and 

only partially functional. Critics charged 

that FDA approved the drug only because of 

pressure from politicians and parents of af-

fected children, overruling its staff advisers 

and relying on at-best-equivocal trial results. 

Although no one expects similar battles 

over nusinersen given its striking clinical 

results, it is not a perfect drug. It produced 

no serious side effects in the trials, but it 

cannot rescue motor neurons that are al-

ready dead, meaning that it cannot restore 

motor function for older SMA patients. In-

deed, the goal is to begin treatment even be-

fore babies develop symptoms, and calls for 

universal newborn screening are expected 

to follow the drug’s approval. “The earlier 

we treat the better the effect, and the longer 

we treat the better the effect,” says Stanley 

Crooke, CEO of Ionis Pharmaceuticals, the 

company in Carlsbad, California, that de-

veloped nusinersen and has subsequently 

licensed it to Biogen in Cambridge. 

Eng, who with her husband, Dinakar 

Singh, has channeled more than $110 mil-

lion into SMA research through the founda-

tion the couple launched in 2003, says that 

the tale of nusinersen demonstrates how “it 

takes a village” of scientists, physicians, com-

panies, nonprofits, and families to efficiently 

develop a successful drug. Their foundation, 

for example, helped fund Adrian Krainer, a 

biochemist and RNA-splicing expert at the 

Cold Spring Harbor Laboratory in New York. 

Eight years after the discovery of the SMN 

genes in 1995, Krainer set the stage for the 

development of nusinersen when he engi-

neered a synthetic snippet of genetic code 

that tweaked the splicing of SMN2’s mRNA 

prescursor, so that the final RNA included 

exon 7. 

At another point, Eng persuaded Taiwan-

ese researchers to share at reasonable cost 

a mouse model of SMA with which nusin-

ersen and other drug candidates could be 

tested. Later, she introduced leaders at Ionis 

to executives at Biogen. And by the time the 

drug was ready for all-important phase III 

trials, the foundation, SMA advocacy and 

support groups, and physicians had per-

suaded enough parents of SMA patients to 

participate in a trial in which their children 

might not get the actual drug—a sham arm 

was considered necessary to prove the drug’s 

value to regulators. 

Because antisense drugs do not cross the 

blood-brain barrier, the drug was injected 

near the base of the spine into fluid that 

bathes the brain and spinal cord, where 

the afflicted motor neurons are located. In 

the sham arms, babies and children chosen 

at random simply received needle pricks in 

their spine. “It was very difficult to see sham 

injection-controlled trials,” Krainer says. But, 

he adds, the phase III trial results are “the 

best news one could hope to get.” 

A paper in The Lancet last week describing 

an earlier phase II trial of nusinersen demon-

strates that such spinal injections reach their 

targets. Autopsy samples from several in-

fants who died during the trial revealed that 

the drug had traveled to the targeted brain 

and spine motor neurons. In samples of the 

infants’ spinal tissue, levels of full-length 

SMN protein were elevated compared with 

untreated babies. 

To sustain nusinersen’s benefits, SMA pa-

tients will likely need to receive spinal in-

jections two or three times a year. But that 

may not keep symptoms that result from the 

lack of SMN in other tissues and organs from 

emerging, because the drug does not travel 

beyond the brain and spinal cord.

Still, the success of nusinersen and its 

delivery method into neurons has enthused 

those who work on other inherited neuro-

degenerative diseases caused by genetic 

defects that could, in theory, be overcome 

by antisense drugs that manipulate RNA 

processing. “There is more excitement 

now about antisense therapy,” says Walter 

Koroshetz, a Huntington disease expert 

who is the director of the National Insti-

tute of Neurological Disorders and Stroke 

in Bethesda, Maryland. “If the problem of 

getting antisense access to the neurons and 

glia has been solved, then there’s potential 

for a bunch of genetically determined dis-

eases to get effective treatments.” 

Ionis is already in clinical trials with simi-

larly delivered antisense drugs for Hunting-

ton disease and a form of ALS. Its drugs are 

also being tested in animal models of Rett 

and Angelman syndromes, rare neurological 

disorders whose mutations are amenable to 

an antisense approach.

Jeffrey Rothstein, a neuroscientist at the 

Johns Hopkins University School of Medi-

cine in Baltimore, Maryland, who was not 

involved with the trials of nusinersen, sees its 

success as an object lesson in the importance 

of understanding the underpinnings of a dis-

ease. “It’s a powerful story of moving from su-

perb preclinical science to the development 

of this drug,” he says. “This proves that when 

you get at the initial insult you can really 

change the course of the disease.” j

SMN1 SMN2

SMNSMN SMNSMN

Death of motor 

neurons

Low survival of 

motor neurons

Survival of 

motor neurons

Nusinersen

A game-changing drug 
An RNA-like molecule called nusinersen can treat 
spinal muscular atrophy (SMA) by boosting produc-
tion of a key protein.

In SMA, the SMN1 gene is faulty. A related gene, SMN2, 
typically makes little functional protein, but nusinersen 
increases production enough to sustain motor neurons.

Exploiting a second gene 

SMN2

SMN SMN

Pre-mRNA

mRNA

Protein

IntronExon

Antisense 
strand

1

1 2a 2b 3 4 5 68 1 2a 2b 3 4 5 6 7 8

2a 2b 3 4 5 6 7 8 1 2a 2b 3 4 5 6 7 8

80% 20% (>50%)

Truncated, 
degraded quickly

Full-length, 
functional

80% (>50%)

By binding to a messenger RNA (mRNA) precursor, 
nusinersen boosts the fraction of mRNAs with a key seg-
ment, exon 7, needed for a functional protein.

Fixing the message
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n early 2013, scientists working in a 

laboratory led by a prominent cancer 

researcher at the University of British 

Columbia (UBC) in Vancouver, Canada, 

were getting worried. They were unable 

to reproduce results from several of the 

researcher’s experiments, and suspected 

some of the original work was fraudulent. 

An investigation by UBC ultimately con-

firmed their fears: In 2014, inves-

tigators identified 29 instances of 

scholarly misconduct, 16 of them 

“serious,” including falsification 

and fabrication of data, accord-

ing to university correspondence 

obtained by Retraction Watch. In-

vestigators found that the tainted 

work had been included in 

12 papers published in six jour-

nals between 2005 and 2012 and 

had drawn financial support from 

more than a dozen government 

and private funders. 

To the dismay of some scien-

tists familiar with the case, how-

ever, UBC never publicly released 

the damning report or named the 

researcher, who has since left the 

institution. Canadian policy does 

not require the university or fed-

eral funding agencies to disclose 

the researcher’s name. And a spokesperson 

for the university says its hands are tied 

by British Columbia’s privacy laws, which 

prohibit it from disclosing personal infor-

mation unless it is “clearly” in the public 

interest. But critics say the case highlights 

a troubling lack of transparency in Canada’s 

system for policing scientific misconduct. 

Some believe the secrecy allows unreliable 

papers to remain in circulation, and could 

enable researchers to continue to raise 

funds from donors and investors who may 

not be aware of misconduct findings.

The university is “obviously trying to limit 

dissemination of information,” and that is a 

“huge mistake,” says UBC biochemist Ivan 

Sadowski, a member of the three-person 

team that made the misconduct findings.

The researcher at the center of the case is 

Sandra Dunn, according to the UBC docu-

ments. (Repeated attempts to contact Dunn 

were unsuccessful.) For nearly 15 years, 

Dunn ran a lab at UBC’s Experimental 

Medicine Program, where she worked on 

new treatments for aggressive brain and 

breast cancers. Dunn, once featured on an 

expert panel organized by the Canadian 

Breast Cancer Foundation, secured at least 

CAD$1.1 million in government funding be-

tween 2009 and 2015. She left the university 

in 2015, after UBC concluded its investiga-

tion, to run Phoenix Molecular Designs, a 

company based in Richmond, Canada, that 

she founded in 2012. The company says it de-

velops cancer therapies, and lists charities—

including one supported by the parents of a 

child who died of cancer—among its “part-

ners and supporters.” 

Many of Dunn’s past and current private 

funders may not be aware of UBC’s mis-

conduct findings. The UBC correspon-

dence lists 15 outside funders that directly 

or indirectly supported Dunn’s work, and 

recommended that UBC contact them “as 

necessary.” Retraction Watch tried to con-

tact the funders; of the 10 that responded, 

only one—the C17 foundation in Edmonton, 

Canada—said it was aware of UBC’s inves-

tigation. Some of those who had not been 

notified said they would not expect to be 

informed, as they had not directly funded 

Dunn. And one current funder, the Michael 

Cuccione Foundation in Vancouver, said 

that UBC had not contacted it about the in-

vestigation, but that it was not concerned 

by the findings. The foundation has sup-

ported Dunn for years, says Executive Di-

rector Gloria Cuccione, and she has done 

“unbelievable work.”

None of the 12 papers identified by in-

vestigators has been retracted, but one 

journal, Molecular Pharmacology, recently 

published an “expression of concern” 

about one of the papers, citing UBC’s in-

vestigation. Breast Cancer Research, a 

journal that published two of the papers, 

confirmed that UBC had informed it of the 

investigation’s findings.

Although UBC has no legal obligation to 

publicly disclose details of its misconduct 

investigations, it is required to notify fed-

eral funding agencies of misconduct find-

ings against researchers that the agencies 

have supported. The agencies can then de-

cide whether releasing the name 

is in the public interest. In 2011, 

agencies started requiring all 

funding applicants to consent to 

having their names publicized if 

they committed a serious breach 

of agency policy. Dunn’s funding 

predated the 2011 policy, however, 

and so far the policy has not led 

the agencies to publicly name any 

offending scientists (although one 

agency recently named an offender 

under a different set of rules).

Some Canadian researchers 

would like to see their funding 

agencies follow the lead of the U.S. 

Department of Health and Human 

Service’s Office of Research Integ-

rity, which does name research-

ers it concludes have committed 

misconduct. (The U.S. National 

Science Foundation does not.) 

Current practices in Canada are “nothing 

but a cover-up with the excuse of privacy 

laid on top of it,” argues Amir Attaran, a 

law professor and biologist at the University 

of Ottawa. 

Research institutions face a tricky task in 

balancing the need for public transparency 

with the right to privacy, says Paul Hébert 

of the University of Montreal in Canada. 

Misconduct findings can be “extremely dis-

ruptive,” he says, and there’s a danger that 

colleagues of the offending researcher can be 

“painted with the same brush.” Still, Hébert 

would like to see Canada improve its mis-

conduct monitoring system. As it stands, he 

says, there is too little transparency and “no 

policing. … Universities as research insti-

tutes investigate themselves.” j

This story is the product of a collaboration 

between Science and Retraction Watch.

In Canada, case spurs concern
over misconduct secrecy
Government, universities should name offenders, critics say
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By Ana Komnenic, Retraction Watch

RESEARCH MISCONDUCT

Officials at the University of British Columbia say privacy laws prevent them 

from naming scientists found to have committed misconduct. 
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C
oal without the climate-warming car-

bon dioxide (CO
2
) it emits so abun-

dantly may be within reach, thanks 

to new substances that would sharply 

lower the cost of capturing carbon 

from power plant exhaust. But the 

technology’s moment may have passed, as 

low natural gas prices in the United States 

make new coal-fired power plants un-

economical and the administration of 

President-elect Donald Trump dismisses the 

threat of climate change. 

By 2025, so-called “third-generation” ma-

terials, some of which were detailed earlier 

this month at a meeting of the Materials 

Research Society in Boston, should bring 

the cost of filtering out CO
2
 from today’s 

$100 per ton to $20 per ton, according to 

officials at the U.S. Department of Energy 

(DOE). That would put carbon capture and 

sequestration (CCS) within striking distance 

of being economically feasible un-

der several tax credit plans being 

considered by the U.S. Congress. 

“I think we’re going to get there,” 

says Lynn Brickett, who heads the 

carbon capture technology pro-

gram at DOE’s National Energy 

Technology Laboratory in Pitts-

burgh, Pennsylvania.

Yet the political landscape is 

shifting. Trump has said he wants 

to pull out of last year’s Paris 

climate deal, which commits na-

tions to reducing CO
2
 emissions 

through measures like CCS. And 

although he talks about bringing coal back, 

his stated support for fracking and oil and gas 

exploration on public lands could help keep 

natural gas prices low and doom any coal re-

naissance. “It’s hard to know where this is 

going to go,” says James Van Nostrand, an en-

ergy policy expert at West Virginia University 

in Morgantown. 

First-generation carbon capture materials 

are already being tested widely at coal power 

plants around the globe, but they are ex-

pensive to use. Most are alkaline substances 

called amines, dissolved into water to pre-

vent them from becoming gooey when they 

absorb CO
2
. When exhaust bubbles through 

the liquid, the acidic CO
2
 molecules latch 

onto the amines. The liquid is piped to an-

other chamber and heated to between 120°C 

and 150°C to release the captured CO
2
, which 

is pressurized and piped underground; the 

amines can then be reused. The pumping 

and heating steal up to 30% of the energy 

produced by a coal-fired power plant, reduc-

ing its efficiency and raising its electricity 

price. Second-generation facilities capture 

and reuse waste heat, among other things, 

but their costs are still too high, Brickett says. 

Third-generation materials are much 

more efficient. Take, for instance, the pale 

yellow, organic liquids being developed by 

Phillip Koech, a chemist at the Pacific North-

west National Laboratory (PNNL) in Rich-

land, Washington. They still rely on amines 

to suck out the CO
2
, but the amines are dis-

solved at much higher concentrations in a 

water-free liquid—eliminating the need to 

heat that part of the brew. Koech says that 

one such compound, abbreviated 2-EAMP, 

gives up its CO
2
 at 60°C. That means a plant’s 

waste heat could provide almost enough 

warmth, potentially cutting the energy pen-

alty of carbon capture in half from 30% to 

15%. Like other amines, the PNNL material 

evaporates over time, Koech says. Once his 

team solves this issue, he hopes DOE will test 

it in a pilot-scale facility.

Other third-generation approaches do 

away with liquids altogether. For example, 

solid powders, made of porous materials 

called metal organic frameworks (MOFs), 

would capture CO
2
 from flue gas and, like 

amines, let it go with added heat. But be-

cause MOFs contain no liquid, less heat 

is needed. An alternative requires no heat 

at all: polymer membranes that contain 

MOFs or other porous solid particles. They 

allow CO
2
 to pass through while blocking 

other exhaust gases, such as nitrogen oxides 

and oxygen. 

It’s not yet clear how to push flue exhaust 

through a silo packed with MOF powders, 

or whether small research-scale membranes 

can be scaled up to work in a power plant. 

“This is an engineering problem now,” says 

Tom McDonald, the CEO of Mosaic Materi-

als, a company based in Berkeley, California, 

that is trying to turn powdery MOF CO
2
 ab-

sorbers into a viable technology. 

Bills pending in Congress could provide 

incentives to overcome such 

obstacles. Companies can cur-

rently receive tax credits of $10 

per ton of CO
2
 pumped under-

ground into depleted oil fields 

to force out additional oil. They 

receive $20 per ton if that CO
2

is injected into deep saline 

aquifers, a more permanent 

form of sequestration. Those 

tax credits are capped at $75 

million, and companies have 

already claimed about 60% of 

the pot. This summer, compan-

ion bills were introduced in the 

Cost of carbon capture drops, 
but does anyone want it?
Lure of technologies could fade with Trump administration

ENERGY POLICY

By Robert F. Service

A recent retrofit of the Boundary Dam coal plant in 

Canada captures CO
2
 and stores it underground.

Global slowdown
A sharp injection of public and private money into carbon capture and sequestration 

projects and R&D that began early this decade has since plateaued.  
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I
n Germany, the ducks started dying in 

November. Workers wearing face masks 

and rubber gloves collected dozens of 

Eurasian coots, tufted ducks, and other 

species along the shoreline of Lake 

Constance in the country’s south. Soon, 

reports of dead birds began emerging from 

elsewhere in Europe, and then from North 

Africa and the Middle East. Chickens 

and other domesticated birds also fell ill; 

hundreds of thousands have been culled 

to halt the epidemic. Its cause: the latest 

deadly avian influenza virus, H5N8, which 

researchers had also reported from Russia 

in the summer.

H5N8, a distant descendant of the H5N1 

virus that devastated flocks across much of 

the world and killed hundreds of people 

more than a decade ago, is another testa-

ment to the flu virus’s unending ability to 

shift shapes and traits. The good news is 

that so far, H5N8 does not seem to infect 

humans. But its rapid spread and increas-

ing deadliness to birds have mystified 

experts. And it underscores that avian in-

fluenza, once an occasional crisis, is now 

endemic in the burgeoning flocks of Asia, 

from which it periodically spreads in mi-

grating birds. “This is really a new situa-

tion,” says Thijs Kuiken, a pathologist at 

Erasmus University Medical Center in Rot-

terdam, the Netherlands. “A few decades 

ago, domestic birds were free of influenza 

virus except for occasional epidemics.”

This is the second time H5N8 has spread 

far and wide. In 2014, migrating birds car-

ried the virus from the Korean peninsula 

north to Russia, then west to Europe, and 

east to North America. But this year, the 

virus has spread farther and faster into 

Europe and Africa than it did 2 years 

ago. And compared with its predecessor, 

Kuiken says, “this virus is more pathogenic 

for more wild bird species.” The Eurasian 

wigeon, for instance, a common duck spe-

cies that has been studied extensively, 

wasn’t sickened by the 2014 H5N8 strain 

and several other avian flu viruses. Now, 

Eurasian wigeons are succumbing to the 

virus just like many other species. 

The increased lethality makes the vi-

rus’s rapid spread a puzzle. The new 

H5N8 counts as highly pathogenic avian 

influenza. Yet viruses that use migratory 

animals to spread are generally less patho-

genic; after all, they’re not going anywhere 

if their host isn’t healthy enough to travel. 

“You would expect H5N8 to have a pheno-

type like LPAI [low pathogenic avian influ-

enza] in wild birds to be able to spread so 

well,” Kuiken says. At the moment, scien-

tists can only speculate about the unusual 

pattern, Kuiken says. One possibility might 

be that the virus is more benign during 

U.S. House of Representatives and Sen-

ate to lift the caps and boost the tax cred-

its for both types of injection to $35 and 

$50 per ton of CO
2
, respectively. “That’s 

getting close to the point where it would 

make CCS cost effective, and develop a 

market,” says Howard Herzog, a chemical 

engineer and carbon capture specialist at 

the Massachusetts Institute of Technology 

in Cambridge. 

Last week, despite lobbying efforts, Con-

gress failed to include the new CCS tax 

credits in an end-of-the-year spending bill. 

Proponents hope to add them to a tax re-

form measure early next year. 

The CCS tax credit extension was 

launched against the backdrop of President 

Barack Obama’s Clean Power Plan (CPP)—

a key component of the U.S. commitment 

to the Paris climate deal. The CPP ramps 

up restrictions on CO
2
 emissions and could 

force CCS retrofits on existing coal plants. 

That encouraged broad bipartisan support 

for beefing up the tax credits, which would 

then make coal with CCS more affordable. 

But besides vowing to “cancel” the Paris 

agreement, Trump last week named Scott 

Pruitt, Oklahoma’s attorney general, to 

head the Environmental Protection Agency 

(EPA)—even though Pruitt is leading the ef-

forts to sue EPA over the CPP. Van Nostrand 

thinks the plan “for all practical purposes is 

dead.” If so, pressure to retrofit existing coal 

plants with CCS technologies would dis-

appear, says Michael Webber, deputy direc-

tor of the Energy Institute at the University 

of Texas in Austin. At the same time, Web-

ber adds, new coal plants will remain scarce, 

because of low U.S. natural gas prices.

Even if CCS efforts sputter in the United 

States, they will play an important role inter-

nationally, as long as other countries work 

to keep their commitments under the Paris 

agreement. Today there are 15 large-scale 

CCS projects in operation with the capac-

ity to capture up to 28 million metric tons 

of CO
2
 per year. This needs to increase to 

6 billion metric tons per year by 2050 if 

the world is to adhere to the Paris goals of 

keeping temperature rises below 2°C, ac-

cording to the International Energy Agency 

(IEA), because many developing countries’ 

reliance on coal-fired power is still grow-

ing. Yet, an IEA report released last month 

warns of a meager pipeline of CCS projects. 

“The current pace of CCS deployments is out 

of step with the Paris ambitions,” the IEA 

report concludes. 

If the climate agreement holds, pressure 

will continue to mount on countries to im-

plement CCS, Van Nostrand says. The new 

technologies will ease the way. “In order 

for coal to have a future you have to have a 

breakthrough in CCS,” he says. j

New bird flu strain brings 
death and questions
H5N8 is killing birds around Europe and the Middle East 
but appears harmless to humans 

 

INFECTIOUS DISEASE

By Kai Kupferschmidt

NEWS   |   IN DEPTH

1995 2000 2005 2010 2015

1997

Massive H5N1 

outbreak in Hong Kong, 

China, poultry; 18 

people infected, six die.

2004–2007

H5N1 re-emerges, 

spreads across Asia, the 

Middle East, Europe, and 

Africa. More than 200 

people die.

2014

H5N8, a descendant of 

H5N1, breaks out in 

South Korea and spreads 

to Europe and Africa.

2014

H5N8 recombines with 

another strain in the 

United States, becomes 

H5N2. More than 40 

million chickens killed.

June 2016

New strain of H5N8 
detected on the 

border between 

Russia and Mongolia.

November 2016

Huge outbreak of new 

strain in Europe and 

the Middle East.

All in the family
H5N8, which came out of Asia and has become 

widespread in Europe and the Middle East in recent 

weeks, is a descendant of H5N1. Some H5N1 viruses 

are unusually prone to generating new strains.
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its long-haul travel, then becomes highly 

pathogenic as soon as it arrives in a dense 

bird population, he says.

The virus’s distant progenitor, H5N1, 

burst onto the global stage during a mas-

sive poultry outbreak in Hong Kong, 

China, in 1997. Eighteen people were also 

infected, and six died. More H5N1 out-

breaks struck Asia in 2003 and 2004, and 

the virus later spread to Europe and Af-

rica, triggering worries that 

it might unleash a human 

pandemic. That didn’t hap-

pen, but by now more than 

400 people have died from 

H5N1 after coming into con-

tact with infected birds.

One particular group of 

H5N1 viruses, dubbed clade 

2.2.3.4, has an uncanny abil-

ity to change its makeup 

by swapping the gene for 

an important surface protein called neur-

aminidase (the “N” in strain names like 

H5N1) with that of another flu virus. Those 

exchanges spawned H5N8 as well as other 

viruses. When H5N8 spread to the United 

States in 2014, it quickly morphed into 

H5N2 and caused an outbreak in which 

more than 40 million birds were killed.

“We suspect that it is something viro-

logic that allows this virus to be a bit more 

promiscuous in terms of its neuramini-

dase,” says influenza virologist Richard 

Webby of St. Jude Children’s Research 

Hospital in Memphis, Tennessee. Webby is 

waiting for permits to import samples so 

that he can try to start answering this and 

other questions about H5N8 in the lab.

Reassuringly, the current H5N8 strain 

does not seem to affect mammals, accord-

ing to scientists at the Friedrich Loeffler In-

stitute on the island of Riems in Germany 

who have tried to infect mice and ferrets. 

Still, Webby cautions that small changes 

in the genome can have big consequences 

in flu. “It could be one or two amino acids 

away from changing that behavior.”

Even if the current outbreak is beaten 

back, avian influenza is 

unlikely to just disappear. 

Poultry production in Asia 

and parts of Africa has in-

creased dramatically in re-

cent years, and influenza 

viruses have become perma-

nently established in some 

stocks, Kuiken says. The 

next threat may be H5N6, 

which can sicken humans 

and is already widespread 

in poultry in China, according to a recent 

paper in Cell Host & Microbe. In that study, 

researchers sampled live poultry markets 

and poultry farms in 39 Chinese cities and 

found that H5N6 has become the domi-

nant subtype in some places.

Wherever domestic and wild birds 

interact—for instance, when domestic 

ducks graze on rice paddy fields—H5N6 

and others have many opportunities to 

jump hosts and start on a worldwide trek. 

“Because the poultry production is only go-

ing to be increasing in the coming years, 

we may expect that spillover of avian in-

fluenza from poultry to wild birds is going 

to happen more often,” Kuiken says. “This 

isn’t going to stop anytime soon.” j

P
resident-elect Donald Trump has 

made no secret of his intention to dra-

matically reshape U.S. climate and en-

ergy policy. He has said he intends to 

name staunch allies of the fossil fuel 

industry to lead the Environmental 

Protection Agency and the state and energy 

departments, and promised to walk away 

from international climate agreements. And 

last week a provocative leaked memo hinted 

at another likely element of the incoming 

administration’s plan for weakening cli-

mate regulations: tweaking an obscure but 

increasingly utilized economic measure that 

tallies the costs and benefits of controlling 

carbon pollution.

The memo, which included 74 questions 

from Trump’s Department of Energy (DOE) 

transition team to agency officials, caused a 

stir because it asked for the names of agency 

employees involved in developing climate 

policy. The transition team was silent on 

why it asked for the names, and DOE of-

ficials ultimately refused to provide them. 

But the move spurred fears that the new 

administration would seek to fire or pun-

ish those employees, and it drew condem-

nation from science advocacy groups and 

some lawmakers in Congress. “It harkens 

back to an era when politicians sought out 

individuals for partisan politics with little 

basis of any wrongdoing,” said Representa-

tive Bill Foster (D–IL), a physicist who spent 

22 years at DOE’s Fermi National Accelera-

tor Laboratory in Batavia, Illinois. “These 

Cold War–era tactics threaten to undo the 

decades of progress we have made on cli-

mate change and to dissuade a new genera-

tion of scientists from tackling our world’s 

biggest problems.”

Many of the other questions have a tech-

nical flavor, asking about DOE’s role in 

developing the nitty-gritty statistical and 

economic data that often underpin regu-

latory efforts. One set of inquiries, for ex-

Trump team 
targets key 
climate metric
“Social cost of carbon” to get 
a critical look from incoming 
administration

CLIMATE POLICY

By David Malakoff, Robert F. Service, and 

Warren Cornwall

“This virus is 
more pathogenic 
for more wild 
bird species.” 
Thijs Kuiken, Erasmus 

University Medical Center

The Eurasian wigeon is one of many bird species stricken by the H5N8 influenza virus.
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ample, focuses on an economic measure 

called the social cost of carbon (SCC), which 

attempts to quantify the economic dam-

age associated with carbon emissions and 

the climate change they drive. It is meant 

to tally the cost of impacts such as coastal 

erosion, reduced harvests, and increased 

disease, and it provides crucial guidance 

about how much society should pay now 

to avoid future damage from carbon emis-

sions. As economist Michael Greenstone of 

the University of Chicago in Illinois, who 

served as a senior economic official in the 

Obama administration, puts it, “If you want 

to be hostile to climate regulations, the SCC 

is kind of a pivot joint.”

As a result of a 2008 court case, federal 

agencies typically consider the SCC in analyz-

ing the costs and benefits of new regulations. 

And although the SCC alone doesn’t deter-

mine whether a new rule moves forward, 

the measure has played a role in developing 

some 100 new regulations. They address is-

sues including vehicle fuel efficiency, pollu-

tion from coal-fired power plants, and energy 

efficiency standards for home appliances. 

The SCC “has become increasingly impor-

tant in the federal regulatory arena because 

carbon emissions are pervasive throughout 

the economy,” says Richard Newell, president 

of Resources for the Future, a think tank in 

Washington, D.C., and the co-chair of a panel 

at the National Academies of Sciences, Engi-

neering, and Medicine that will soon issue a 

report on the measure.

That report is likely to confirm that cal-

culating the SCC, which melds projections 

about likely impacts of climate change with 

economic assumptions, isn’t easy. Govern-

ment and academic scholars have debated 

the best methods for years, and researchers 

have developed three major computer mod-

els dedicated to the task. In 2010, a work-

ing group assembled by President Barack 

Obama’s administration recommended that 

agencies set the SCC at $21 per ton of car-

bon, and in 2013 the administration boosted 

the number to $36 per ton, citing increas-

ingly dire predictions about the global im-

pacts of climate change. 

Not surprisingly, opponents of regulation 

have accused the Obama administration of 

manipulating SCC values to justify costly new 

rules. For example, critics have panned the ad-

ministration’s estimate that its Clean Power 

Plan to reduce power plant pollution would 

produce climate benefits of up to $29 bill-

ion in 2030, compared with costs of just 

$8.4 billion. One of the leading SCC skeptics—

Thomas Pyle, president of the Institute for 

Energy Research, an industry-affiliated 

think tank in Washington, D.C.—is leading 

the DOE transition team that asked ques-

tions about how the measure is developed 

and used. Shortly before being named to that 

post, Pyle predicted in a statement that, un-

der Trump, “the SCC will likely be reviewed 

and the latest science brought to bear. If the 

SCC were subjected to the latest science, it 

would certainly be much lower than what 

the Obama administration has been using.”

There are at least two major ways a new 

administration could tweak the SCC to 

produce lower values, analysts say. One is 

to change the discount rate—a value, ex-

pressed as a percent, that attempts to quan-

tify what society would spend today to avoid 

damage in the future. “The discount rate is 

the most important question,” but it is also 

“extremely controversial,” says William 

Nordhaus, an economist at Yale University, 

who has written extensively about the SCC. 

Currently, the Obama administration asks 

agencies to calculate the SCC using a range 

of discount rates, from 2.5% to 5%, and it 

has tended to rely on the lower rates, which 

produce higher SCC values. For example, in 

2020 the SCC is $62 per ton at a 2.5% rate, 

but $12 per ton at 5%. So moving to a higher 

rate makes rules appear less beneficial.

Another is to change the geographic scope 

of the calculation. Currently, the Obama 

administration takes into account the po-

tential global benefits of any new regula-

tion, not just the benefits within the United 

States. It says that’s because climate change 

is a global problem. But some economists 

question that approach, arguing it over-

states the benefits. An effort to narrow the 

scope of the SCC could fit in with Trump’s 

nationalistic leanings, notes Ted Gayer, an 

economist at the Brookings Institution in 

Washington, D.C., who has been critical of 

the global approach. “If you put it in the 

perspective of the Trump campaign and 

‘America first,’ it makes sense,” Gayer says.

Although a Trump administration could 

tweak the SCC, it is unlikely to be able to 

completely eliminate it, Greenstone says. 

“This is not the first time people have come 

hunting for the social cost of carbon,” he 

says. Industry groups have challenged it 

in court, but judges have tended to find 

the concept sound. “For reasons of law and 

science, it looks like a very bumpy, windy 

road to me to greatly reduce the social cost 

of carbon.” j
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President-elect Donald Trump has promised to aid the coal and other fossil fuel industries, in part by rolling back climate regulations.
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Iran's Lut Desert- Earth's hottest- is devoid of plants 
but somehow sustains a vibrant ecosystem 

By Richard Stone; Photography by Balunan Izadi 

uring U1e 1920s and H>:JOs. Vien· 
nese physician and ad\rentw·cr 
Alfo.-~ GAbriel fell under the 
spell or Iran's l.uL Dcle11. C.abrlcl 
had cri.o;sc.rosscc.1 arid 1>.trts of the 
Middle F.a ... ) t , Pakl~"u\, ar1d Af4 

gl~~nlscan by camel, obscoving 
and rnallPirlg a reas into which few 
diar<:d venture-latldS wiU1 names 

s uch as D<t~ht-i-Naumid ( the Desert 'vlth· 
ou t n o pe) ru1d Oash t-i-:\!largo (the Desert of 
Death). Gut a "confused m:-1ss of impa.<:s..tblc 
tangled d unes- st)n1ied his efforts to probe 
the interior of Ute Lut llt>sert. a trncl of sand 
aJxl fantastical rod formations ln soutlteast
ero lran tbat wn.s said to be the hottest place 
on Earth. 

In March 1937. Gabr iel nnnlly COO((\Ierod 

Ute ccrttral U.•t-and barely mAde h out alive. 
He described his CXlX:IicnC<!S a year lat.er in n 
sr•cllb in(lil\g talk lO lhC Royal GeogrnphiC;ll 

l 3 66 Ui Dt:tf:Ma•:K 21)16 • VOL 3S4 ISS UK 1;318 

Society in London. l,.;'\te one afternoon, 
Gabtiel recounted. "Ute landscape darkened 
o•ldtr red clouds ... and a noise like ll•c roar· 
htg of Lhe sea lx:gan." 1l •e (h1st stonh rn.gcd 
Into the nlghL "'For sc.-vcral anxiou .. ;; hours W\"! 

lay, motionless a11d helpless, 04JtsLrctchcd on 
the ground~ Lnter, the voyngcrs were dis· 
odc nt.cd bY min1gcs 1 hat were mos1 \livid 
w·hcn the air was coolest, just bcrorc s t•nrise. 
Nca•· ll1c cr1d of lltc 3·\\'(.'Ck jour•tcy, C\ICO 
tltclr parched camels had had enough: ·'1, tC:ir 
legs trembled : tlH!f pa.ncd, knell down, and 
sometimes crept along on their knees.·· 

Tite aUure of the Lut persists. l..a.st month. 
a convoy or five SUVs carried LO resea.rchers 
and their guides. along with camer.LS, instnt· 
ments. and hund reds of liters or wate:r and 
fuel. intc> the heart or the dtosert. These rnc:~<.l· 
em explorers from lmn, the Unit.c:d Stat.es. 
nnd EuroS)\.: were dr~h\'11 not so mudt by l.he 
CxOt1C lan<lscaJ>C OS by the puzzle Of its Ull· 

usual ecosystem. ~L'ln.y rcsearcllCI'S bad as· 
sumed that U1e Lut Deset1 is too hostile to 
s~Lorta in li fe, says 1-looscin Akhani. a plant 
biologis t a1 the Unl\ftrsityofTehr:lll. Tile in· 
terior of the desert, a1\ area 11ea.rly as big as 
West Virginia, is mostly dc\•old of .-.Jant life. 
But ad\'ent.urers and the occasional sdentist 
who lravcled in1o lhc Lui had SJlc'JU.ed (lj . 

\ICr.iC animal life, including insects. reptiles. 
tlttd desert foxc.-.. How that food web holds 
together \\1thout plants ha.;; been a cnystcry. 

A morbid, and possibly unique, phenome. 
non ntay be the answer. Dead birds aie a l'r~ 
qt1ent sighting in the desert.. A few )'C..'U S ago, 
scientists in iran began wonde1in.g whether 
migratory birds &tmy in to the Lut and, over· 
come by Ute intense h<.-.~t. CaJl from the sky 
like manmL, t'orming the b;:LSC of n food web. 
The expedition, organi't,C:d by Akhani and 
13ahman h;acJi. head of :m enviromncnt~LI 
nonprofit hl Shiraz. Iran, and 1:1 l..ul explorer. 

st.lencema:.org SCJENCF. 



sc~ out to Lest the idea.. Colleagues warned 
U\al ill ~he (:til. right nfu:r tlle heat O( Suln4 

mer, the LCillll might not find enQugh liv·ing 
tl\ings to telL Crc:-Hure.~ thai humlwcd or mi 4 

grated to escape the heal would not have had 
time to venture back into the deser"L 

Instead. the team conCiJ1ned the existence 
or a \ibrant ecosystem and saw compelling 
signs th.i\1 migratory birds do help rlourish 
iL They al~o found that U\e honc·-dry l.a:nd4 

scape concca1s what they are calling a "hid4 

den sea"': a surpris-ingly s-hallow Jayer of salty 
grourldwater tbat may alo;;o help sustaJn life. 

11\e lut Desert aJso offers a less uplifting 
lesson-at leas-t for people living on the knife 
edge or sustainability in aJid regions. Climate 
change models pa·edict that as tcmpe1'alurcs 
rise~ ta'3ct.ci of the MiddJe East tha~ aa·e natu· 
rJlly -.minh.abitablc-not sunivablc wilhoul 
air conclitionh-.g-will expand. TI1ose areas 
may come to re.scmhlc t1w tran.sition 1.01\C 
I)C"•.-ccn sett1cmcllL~ 0 11 the T.ut's eel~ and 
Its supremely hosti lc core. 

AFT£R GABRIEL'S PIONEERING VENTURE, the 
sdcntifie lilCrollure on the lA1t Desert rc~ 
mainc:d sparse. One J>Oint was settled, lllough: 
Gabriel had noted that a contemporary, the 
Gennan geographer Gustav Stratii..Sauer. 
"was of the opinion that Ute hottest ~ 
gion of the ea11.h was not. as hitherto sup
posed, to be found in Sind. or Abyssinia, or 
iu the neath Valley of Califomia. but .in the 
sot~thcm t.ut." In 2005. nn infr.;1red ntdiQ
mcLcr on NASA$ Aqua S..1.tclJite mcast•rcd 
a ground LCmJ>eraturc of 70.7°C (159.3°F) 
at Orlc St>OL in the t.ul-the hQLtcst satcl1itc 

SCIENCE sth:ncema;g.org 

reading of ground tcmpcnuure C\'Cr. And in 
AJ)dl 2014, Mortcza Ojamali. a J)tl.lco~wtogist 
at t1lC Mediterranean Institute of Mnrinc and 
Terrc:strial Biodiversity and Ecology in 1\·far
sellles. Fraocc, ::tlld his colleagues veJltured 
into the central lut to instaJJ a temperatUI'e 
logger at the same spot. In an experience 
wo1thy of Alfred Hitchcock. a swann of lo~ 

cust~ descended. J)ickh\g nearby bird car
msscs <:lean, canoiha1i'l.ing each other, and 
bitiog tbe rescatehers. "'I caJt im.agiale that a 
lonely travc-Jer could be killed by these smaU 
creatures .. in a few days, Djamali says. 

The hat·dship paid off, Djamalj says. t n 
July, the thenuometer, planted .'lO centi .. 
meters above the surface in the shade of a 
wooden cylinder, registered 6J"C- some 
5°C higher than Ute official shade recoa·d 

Empty quarter 
Few scientists h<ld I)IOOe:l the heart of the 1.ut Desert. 
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The Lut Desert's fanta.stlcal 
landscape harbors creatures that 

e-ke out a INing from hidden water 

and the occasional windfall 

set in Death V;;J IICy in 1913. Bands of heal· 
<:\bSOrhing black ~and .. plinlarily magnetite, 
together wiUt topogr1~phy thaL timiLS air 
movement help explah\ the blazhlg u;mpera· 
tures. Djamali says. 

That same year Akhani paid his first visit 
to Ute Lut, a quick scouting tJ•ip. A special· 
ist in saJHoving plants. which grow in salty 
SCCJ}S in a few SPOts in ~he desert. he also had 
JlOtiet.'CJ the hin:l~' carcasseo) and wondered 
what role t1lcy might play in the ~ystem. 
Cobbling together b.1cking from the Iranian 
NatlonaJ Science Foundation, the Saecdi 
Institute for Advanced Studies at Kashan 
University in Iran. and other sources, he as
sembled a team of specialists fi'Om Iran and 
abroo.d Utat v.'il.l spend t1te nex"'t 5 years priz~ 
ing scientific secl-ets from the desert. 

THETEAM SET OFF LAST MONTH on it$ maid
en c:<pcditiOrl, de,)art:ing from Shnhdad, an 
oasis orl tlw l..ut"s wesLcrn edge, and head· 

ing due norlh before arcing south in 
a path u .. l bisected the desert (s<.-c 

rnap, left). In some areas, yard· 
angs, wil\d·SCulptcd n)(:k (OriH<.t· 
Lions several mete~ LaJI, sprouted 
from the desert Uke mushrooms. 

Heftier formations caHed kaluts 
reminded Akhani or '"the ruins of an 

old city."' Relics of what Djamali catls a 
,;complex geoclimatic history,'' some nrc 
made or sandswne, whereas others were 
eroded from the bOOs of saline and playa 
l~•kcs lhal dotted Lhe landscape some 
10 million years a~:.ro. The LOJXtgravhy, 
whimsict~l or an:1jestlc. is a major rea~oal 
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the United Nations Educational, Scientific 

and Cultural Organization inscribed the 

Lut Desert on its World Heritage List last 

July. (Iran hopes it will beckon intrepid 

ecotourists.) Along their 700-kilometer 

journey, the researchers sampled soil 

and biota at 37 sites before emerging 

from the desert east of Bam, a city that 

suffered catastrophic damage from a 

2003 earthquake.

One day, the team struck out on foot into 

a canyon called Zabone Mar, which means 

“snake’s tongue.” By satellite, the canyon, 

about 15 meters wide with walls reaching 

30 meters high, looks like a bifurcated 

tongue. “I noticed a weird noise,” recalls expe-

dition member Amir AghaKouchak, a hydro-

logist at the University of California (UC), 

Irvine. A continuous, soft crackling ema-

nated from the walls. He speculates that the 

sound was the rock expanding as tempera-

tures soared from nightly lows near 0°C up 

to fall daily maximums of about 40°C. “I just 

stopped and listened to this beautiful music.”

Or perhaps it was a siren call: The canyon 

is a death trap. Within its walls, the research-

ers found the remains of dozens of migratory 

birds. The birds may have sought shelter in 

the canyon’s shade, but without water they 

would have quickly perished, AghaKouchak 

says. Mahmoud Ghasempouri, an ornitho-

logist at Tarbiat Modares University in Teh-

ran, collected carcasses of several migratory 

species. Why the birds make a fatal detour 

into the desert is a puzzle, he says. Even out-

side the canyon dead migratory birds were 

plentiful, and they often bore signs of hav-

ing been scavenged by foxes. “I think that’s 

their main food source,” AghaKouchak says.

Insects, too, are critical to the Lut’s food 

web. Many nibble on plants on the desert’s 

periphery and are in turn eaten by spiders, 

reptiles, and foxes in the Lut’s interior, 

supplementing the nutrients in the ill-fated 

birds, says expedition member Hossein 

Rajaei, curator of Lepidoptera—moths and 

butterflies—at the Stuttgart State Museum 

of Natural History in Germany. Yet some live 

in the heart of the desert. When Rajaei set 

up light traps at night, he was surprised to 

count large numbers of moth species. “What 

do they do there? What do they eat there?” 

he asks. How the fly larvae he found in a 

pool of hypersaline water survive is another 

enigma, he says. And so is the question of 

how the Lut’s denizens stay hydrated.

The answer may lie just below the surface. 

Before the expedition began, AghaKouchak 

had scrutinized satellite sensor data from 

the Lut. To his surprise, microwaves emanat-

ing from the ground suggested that in some 

parts of the oven-hot desert, the soil is moist. 

Perplexed, AghaKouchak consulted a col-

league, who proposed that the Lut’s soil is 

so dry that microwaves were radiating from 

deeper layers of soil or even rocks, falsely 

indicating shallow moisture.

Last month, in the heart of the desert, 

the team’s convoy entered “a flat landscape, 

as far as you can see,” the hydrologist says. 

A short distance onto the plain, one of the 

trucks broke through several centimeters of 

hard, crusty soil and sank, up to its axles—

in mud. After another SUV pulled out the 

stricken vehicle, “you could actually see wa-

ter” where the tires had been. “It was hard to 

believe,” AghaKouchak says, “but the area is 

really, really wet.”

He thinks the moisture comes from dis-

tant mountains that ring the table-flat playa. 

Occasional rainfalls in the spring and early 

fall drain into the flat basin, he says. Accord-

ing to the team’s guides, other areas of the 

Lut have similar features. Back at UC Irvine, 

AghaKouchak will attempt to correlate the 

local knowledge with satellite moisture data 

to map the extent of the hidden sea. 

NO ONE LIVES in the heart of the Lut, and af-

ter a 6-year-long drought in Iran, settlements 

on the desert’s fringes are in retreat. That 

may foreshadow the fate of other parts of the 

Middle East as global warming pushes sum-

mer temperatures still higher, says Elfatih 

Eltahir, an environmental engineer at the 

Massachusetts Institute of Technology 

in Cambridge. 

Last year, in Nature Climate Change, 

Eltahir and a colleague defined a naturally 

uninhabitable climate as one in which 

the heat index—temperature adjusted for 

humidity—exceeds 35°C for more than six 

straight hours. “What we are talking about 

are really extreme conditions,” Eltahir says. 

“If a human being is exposed to that, very 

likely that person would die.” 

In summer, areas of the Persian Gulf al-

ready exceed that threshold and would 

be unbearable without air-conditioning. 

Barring “significant mitigation,” the un-

inhabitable areas near the Persian Gulf are 

likely to expand, including arid but still habit-

able regions of Iran. “Lut would be a good 

lab to study what an extreme environment 

would look like,” AghaKouchak says. 

To probe such questions more deeply, 

Akhani’s team plans to return in the spring. 

Among other things, they will bring more 

sophisticated instruments for measuring soil 

moisture and set up camera traps to study 

the ecology of the desert fox and other crea-

tures in more detail. They also hope to deci-

pher at a molecular level how the life forms 

adapt to broiling heat, Akhani says. In 2018, 

they may even attempt a summer expedition. 

“If we go then, we probably need to bring 

a physician,” says AghaKouchak, who has-

tens to add, “I can’t wait to go back.” j

The remains of birds that blundered into the desert (top) apparently help support an ecosystem of animals 

including Rüppell’s foxes (bottom left) and geckos (bottom right), along with numerous insects.
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Savvy anthropologists mix science and legal skills to 
help the families of Mexico's ctisappeared 

By Lizzie Wade, in Vcracn~Z, Mc.vico; Photog-mphy by Felix Milrqu~ 

1l 18 July 2011. Cella Garcia 
Velib.qucz•s son Alfred() disappear. 
cd. The 33-ycar-{)ld lived in a town 
crtlh:.'() ChioorlQt•iaoo in the Mc.xic..-u1 
suatco!Verncrui, and at the Lime of 
his disappcarctnce he wa.~ running 
(Or l)t"CSidenl O( his I~Ut l'lici ~')a]ity 
against a candidate supported by 
the countryS most powerful politi· 

cal party. .. Everybody knew him." &l)'S G:.uci~ 

Velizquez, a stout woman ''ith hair the color 
of a Uon's mane and a blast of brig~ I pink 
Lipstick. One dny Alfredo went to Xalnpa, the 
et'J'ital oi'Vcr::tcruz~talc, lo sort Ot•t U1e pap·cr
work for a car he'd bought Like so many 
young men in Veracruz th<..-sc days-more 
U\;:ul 700 since 2006-he 11cvcr made iL home. 

SCIENCE sth:ncemag.org 

"1 need to know what ha.J>t>c•led ... Can;:ia 
Vc1i17.qnc7. says to 15 people ga~hered in a 
classroom overlooking the oourt)lard or a 
ctnu-ch in this port cit~~ Her \'Oicc breaking. 
she says, ~How is it J>OSSible thai someone can 
disaJ)J)CAr like 1hal, as if he never existed?'" 

The g1'0n1> nods. TI)L'Y, too, ha'<·c fruuily 
members who have disapr>earcd. Many here 
are mothers looking for their sons. Oth
ers are se..1.rching for brotlters or cousins; 
one woman seeks six loved ones. They are 
part or tl1e Solecito collective, a group of 
more tlmn 100 people searching for the di.s
appcan...l(l. And they nru getting help from a 
new source: forensic rullhrOJ>Ologists. 

Vcroeru;.o., tiJ.:c m(my states In Mexico, is 
C>.'l)Cdcncing an CJ>idcmic O( disaJ)J)Car311CCS.. 

Since the bcgil\11ing of Lhe drog war in 2006, 
more than 28,000 people have gone mis.'>
ing across the oountzy, aocordlng 10 Me.ico's 
Nationnl RElh'iStry ()( Mlssin,g or Disnppcarcd 
1\:rsons. (11t<ll L<.i likely an undCI'(."Stimat.e. as 
JtHmy d~•ppcaran~ go unreported because 
families fl'!ar ret.aliation.)Somc arc kidrtappt:!d 
by drug carlds a1ld either killed or forced 
into labor or human trafficking. Human 
Rights Watch, a nonprofit based io New York 
City, M!<"S that many others are abducted by 
the pollee and military. and that the go"-em
ment does litlle to invt.o;stignt.e. The 15 people 
in the dn .. '\SrOOm this weekend h;;tvc come for 
help searching for their disappcanxL 

AI the fronL of I he Classroom is a.nthrOJ>O· 
logi~t ROX81\a Enriquez Fhrias, who in 20t'J 
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founded a nonprofit organization called the 

Mexican Forensic Anthropology Team (EMAF) 

based in Mexico City. EMAF anthropo-

logists often serve as expert witnesses, evalu-

ating state investigations of disappearances. 

But on this November weekend, Enríquez 

Farias is explaining to the families themselves 

the steps of a search for the disappeared, and 

how to use their amateur searches to pres-

sure the authorities into action. “We want to 

build the base [of knowledge] that will sup-

port their right to truth and justice,” Enríquez 

Farias explains.

“Until a few years ago, we scientists didn’t 

think about the families [of victims],” says 

Lorena Valencia Caballero, a forensic anthro-

pologist at the National Autonomous Uni-

versity of Mexico in Mexico City who is not 

part of the group. But as the disappearances 

mounted into a humanitarian crisis, 

EMAF’s work became “exceedingly neces-

sary,” she says. “It now falls to anthropo-

logists to help the families understand how 

we determine age, what are the stage[s] of 

decomposition, how do organized crime 

groups behave—a thousand things they 

should never have had to learn.”

“It’s a brilliant strategy” when authori-

ties are not sensitive to families’ needs, says 

forensic anthropologist Nicholas Márquez-

Grant of Cranfield University in the United 

Kingdom. When he met families of the dis-

appeared in Mexico this fall, “I could see 

that many relatives were completely lost.” 

He hopes EMAF’s model can be replicated 

in other countries, such as Iraq, where 

families are left by the wayside in dis-

appearance investigations. 

ON MOTHER’S DAY THIS YEAR, Solecito or-

ganized a rally to bring attention to the 

disappearances and protest government 

inaction. As the group listened to a prayer, 

young men moved into the crowd and dis-

creetly slipped folded papers to several So-

lecito members. They were photocopies of 

a hand-drawn map of a Veracruz neighbor-

hood called Colinas de Santa Fe, with 

crudely drawn directions to an empty field. 

There, someone had drawn a cluster of 

crosses labeled cuerpos—“bodies.”

The members of Solecito weren’t sure 

what to do with the information. Where had 

it come from? What could grieving civil-

ians do about a potential mass grave? After 

weeks of deliberation, they decided to start 

digging. So they contacted Enríquez Farias.

Enríquez Farias had come face-to-face 

with Mexico’s disappearance problem while 

working as a forensic archaeologist in the 

prosecutor’s office of Ciudad Juárez, the bor-

der city across the Rio Grande River from 

El Paso, Texas. From 2008 to 2012, when 

the city had the highest murder rate in the 

world, she excavated clandestine graves to 

help identify victims. She began to see how 

her scientific expertise could help bring jus-

tice to victims. That inspired her to found 

EMAF, which now employs seven scientists 

and two student volunteers and is funded 

by grants from international agencies.

Before Solecito went out to dig up graves 

this summer, Enríquez Farias came here 

and gave the group a workshop on forensic 

anthropology. “They were preparing them-

selves for what they would find,” she says. She 

explained how archaeologists examine and 

remove the layers of earth deposited over a 

grave, how physical anthropologists measure 

bones to determine the gender of a skeleton, 

and which family members can provide the 

most useful samples for DNA identifications. 

But she steered clear of giving the search-

ers explicit instructions. “We don’t teach 

them techniques. We teach fundamentals,” 

she says. Once families understand the prin-

ciples, “they can evaluate the techniques,” 

including those they see the police using, 

and judge whether evidence is being lost.

That approach wins approval from foren-

sic bioarchaeologist Derek Congram of the 

University of Toronto in Canada. Trying to 

turn families into practicing scientists over-

night would be impossible as well as “ir-

responsible,” he says. 

In August, Solecito began to dig, under 

the watchful eye of the local police and 

prosecutor’s office. “We use rudimentary 

methods, but they’re effective,” says Lucy 

Díaz, one of Solecito’s founders. Searchers 

look for places where the earth has a differ-

ent texture or color than the surrounding 

ground, or where plants have been cleared. 

Then they plunge a 2-meter-long metal rod 

into the earth, bring it up, and sniff the tip 

for the stench of decomposition. If they 

smell death, they dig. 

Since August, the group has uncovered 

107 graves, containing 124 skulls and myr-

iad other remains, all in the area indicated 

by the map. It is the largest mass grave dis-

covered in Mexico so far. “It’s not a clandes-

tine grave. It’s a clandestine cemetery,” Díaz 

said at a scientific meeting in October. The 

graves, she says, are at least 1.6 meters deep, 

and most of the bodies are buried in gar-

bage bags. The majority are men, many still 

blindfolded. A few show gunshot wounds. 

Such burials are sensitive because state 

agents might have been involved in some 

disappearances. Human Rights Watch doc-

umented 249 disappearances between 2007 

and 2013, and found that the Mexican police 

or military were involved in 149 of them.  

But Solecito’s initiative spurred the govern-

ment to send forensic investigators from 

Mexico’s federal police force, known as the 

Scientific Police, to the cemetery. Solecito 

locates the bodies, but once a grave is 

found, the investigators document every-

thing in and around it—clothing, bandages, 

and even the occasional work identification 

card, Díaz says—and remove the remains 

for lab analysis. 

It’s slow going: So far, 52 of 107 graves have 

been fully processed. Solecito expects an 

update from the Scientific Police in January 

2017, perhaps including the first identifica-

tions. (The National Security Commission, 

which oversees the Scientific Police, did not 

respond to interview requests.)

NEWS   |   FEATURES

Workshop attendees piece together a puzzle outlining the steps of a forensic investigation. 
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After searching for her son independently 

for 5 years, García Velázquez joined Solecito 

in August, when she heard about the cem-

etery. She hopes Alfredo isn’t there, that he’s 

still alive somewhere—perhaps held by his 

political rivals, or forced to work for a drug 

cartel. But she knows that even if her son 

isn’t buried in Colinas de Santa Fe, someone 

else’s son is. She helps excavate in the cem-

etery twice a week. “It’s horrible. It hurts 

your heart,” she says. But she believes that 

if she and other family members don’t take 

action, the bodies will stay in the ground, 

lost and unidentified, forever.

ENRÍQUEZ FARIAS ADMIRES the bravery of 

the searchers but worries their work won’t 

result in justice. The problem, she says, is 

that local prosecutors aren’t doing the ba-

sic investigation of cases that could lead to 

hypotheses about who is likely to be buried 

at Colinas de Santa Fe. That means authori-

ties can’t efficiently compare DNA from the 

remains to probable family members, or 

even use basic investigative strategies like 

matching the clothes a missing person was 

last seen wearing to clothes found in the 

cemetery. “The investigation isn’t just going 

and looking for bodies. There are steps be-

fore that,” Enríquez Farias says.

Congram sees a parallel in Spain, where 

families in recent years have pushed inves-

tigators like him to search for loved ones 

who disappeared during the country’s civil 

war in the 1930s. “There was a rush to 

go out and dig up bodies,” he says, but it 

hasn’t provided much closure. “A lot of bod-

ies were coming up without background 

research being done.” One site where he 

worked yielded more than 400 bodies, but 

so far, “not one of them is identified.” 

Everybody in the classroom that Novem-

ber day has notified prosecutors by filing 

missing person reports, sometimes against 

the wishes of other family members, who 

fear becoming targets themselves. Most 

have also provided a description of the dis-

appeared, plus a list of their friends. Some 

have given blood and hair samples for DNA 

analysis. But no one is sure what investiga-

tors did with that information, if anything.

So in this latest workshop, Enríquez Farias 

shows families how to pressure prosecu-

tors to tackle their cases. She invites Ibette 

Estrada Gazga, a lawyer with the Institute 

for Security and Democracy, a nonprofit in 

Mexico City, to the front. Prosecutors “have 

a constitutional obligation to investigate,” 

Estrada Gazga explains. Families can check 

progress by requesting a copy of the prosecu-

tor’s case file, she tells the group. If the file 

shows that nothing has happened, a judge 

can order the prosecutor to return to the case. 

Later, Enríquez Farias says she’s surprised 

at the direction her work has taken. “At first 

we thought that just doing exhumations 

or DNA analyses would be enough.” She 

sighs. “It’s always so much more compli-

cated.” For example, in one of EMAF’s cases 

in another state, they eventually won the 

right to exhume a body to confirm a DNA 

identification. But the cemetery is in such 

disarray—one private grave held three extra 

bodies—that after three attempts, EMAF 

has yet to locate the body in question. 

Then there are the legal issues: EMAF 

anthropologists don’t excavate unofficially 

with Solecito, because their opinion might 

then be seen as biased and be discredited 

in a trial, Enríquez Farias says. “If the legal 

context doesn’t exist, the anthropology goes 

down the drain,” she says. Instead, families 

must request EMAF’s services as expert wit-

nesses. She hopes that together, families 

and EMAF can prod the state into investi-

gating. “Our mission is to build a different 

kind of country.” 

Congram agrees that “families bringing 

up the dead can be a way of shaming the 

government to fulfill its obligations.” But he 

thinks EMAF anthropologists could go into 

the field independently, as has happened in 

other countries. For example, a nonprofit 

foundation in Guatemala independently 

identified bodies of people who disappeared 

during the country’s civil war. Its analyses 

ultimately were accepted in court.

As the workshop draws to a close, Liliana 

González, an anthropology student vol-

unteering with EMAF, writes in big let-

ters at the front of the classroom, “What 

is science?” People call out: “Chemistry!” 

“Physics!” “Anthropology!” And what are 

scientists looking for? “Knowledge!” That’s 

right, Enríquez Farias says. “Science is a 

search for knowledge. But not just any 

knowledge. It has to be the truth.”

García Velázquez leaves the church that 

weekend more determined than ever to dis-

cover her piece of that truth, starting with 

obtaining a copy of her case file. “The work-

shop was excellent,” she says. The next time 

the state throws up an obstacle, “we’ll re-

member what they taught us.” And no mat-

ter what, she’ll keep digging. j
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This hand-drawn map directed Solecito to the mass 

grave in Colinas de Santa Fe. They have uncovered 

more than 100 bodies since August.C
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Who vanishes
Teenage girls and young men are at the highest risk of disappearance. Some are killed and 

others are conscripted into forced labor and human trafficking. 

Counting the missing
Disappearances in Mexico spiked after the drug war 

began in 2006, and have now reached about 28,000, 

although this official tally is likely an underestimate.
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U.S. seafood import restriction 
presents opportunity and risk 
Marine mammal protections require increased global capacity 
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U.S. fishing activities, and it requires bycatch 

to be kept within the limits of what marine 

mammal populations can sustain—known as 

“potential biological removal” (PBR) (9). To 

ensure accountability, the MMPA mandates 

periodic estimation of marine mammal pop-

ulation sizes (and uncertainty) to set PBR, 

monitoring of bycatch rates, and implemen-

tation of mitigation measures, such as gear 

modifications or fishery closures when PBR 

is exceeded. These requirements apply to 

U.S. fisheries both inside and outside na-

tional waters, except where superseded by 

an international fishery management treaty 

to which the United States is a party (1). The 

MMPA has resulted in dramatic improve-

ments in the status of many marine mam-

mal populations, including Eastern Tropical 

Pacific dolphins, harbor porpoises, and Cali-

fornia sea lions (10).

The new regulation effective 1 January 

2017 requires that any fishery or aquacul-

ture enterprise exporting products to the 

United States meets standards equivalent in 

effectiveness to those the MMPA requires of 

U.S. fisheries, in terms of both monitoring 

and bycatch mitigation, in all waters where 

harvest occurs (1). Exporting countries must 

prove compliance for each exporting fish-

ery not exempted by NOAA due to remote 

likelihood of marine mammal impacts (e.g., 

freshwater fisheries and most nonsalmon 

aquaculture) (1). Noncompliant products 

[including those from illegal, unreported, 

and unregulated (IUU) fishing] can neither 

be exported directly, nor reexported, to the 

United States, and NOAA reserves the right 

to require intermediary countries process-

ing noncompliant products to certify the 

origins of similar compliant products to be 

allowed to export these to the United States 

(1). Countries will be given a (maximum) 

5-year grace period to achieve and docu-

ment compliance before import restrictions 

come into force (1).

Although leveling the playing field for 

U.S. fishers is clearly part of the rationale 

(8), this new regulation could be a game-

changer if it inspires widespread compli-

ance. With over 120 countries exporting 

seafood to the United States (8) (table S1), 

it could expand the highest available stan-

dard of protection for marine mammals 

caught in commercial fisheries (including 

most large whales, many small cetaceans, 

and some pinnipeds). Although some of the 

most critically endangered marine mam-

mals—found in coastal and estuarine wa-

ters of Africa, Asia, and Latin America—face 

their most serious threats from artisanal 

fisheries, which do not export (11), they too 

could benefit indirectly from improvements 

in marine mammal monitoring. Because 

many fisheries with high marine mammal 

bycatch are also overfishing their target 

stocks (11, 12), efforts to comply with the 

current rule could spill over into broader 

fishery reforms having ecological and eco-

nomic benefits. 

However, some countries may choose not 

to comply, and many developing countries 

may be unable to comply due to lack of 

monitoring and enforcement capacity (13). 

Widespread noncompliance would blunt 

any conservation benefits, and import bans 

could inflict significant economic hardship 

on some already poor countries. 

To reduce these risks, we urge the inter-

national community to support capacity-

building efforts in the most economically 

vulnerable countries. We urge the U.S. gov-

ernment to promote rigorous compliance in 

larger, capacity-rich countries through col-

laborative diplomacy—an intent NOAA has 

signaled (1). 

In gross economic terms, the largest sea-

food exporters to the United States are large 

countries in Asia (China, Indonesia, Vietnam, 

Thailand, and India) and Latin America 

(Chile, Ecuador, and Mexico) as well as Can-

ada (table S1). These countries export many 

products (table S2), some of which NOAA 

deems likely to be exempt (e.g., tilapia and 

farmed shrimp), others not (e.g., lobster and 

tuna not caught in purse seines) (8). 

How the new rule is applied to China and 

how China chooses to respond could be piv-

otal in many respects. China is the world’s 

largest seafood producer (2), is likely the 

world’s largest seafood re-exporter, and is the 

largest seafood exporter to the United States 

(8). Reforms in Chinese fisheries would thus 

have far-reaching benefits. Because China is 

also likely to be the largest alternate market 

A California sea lion has drowned in a deep 

water drift net. A new regulation sets limits on 

marine mammal bycatch in U.S. fish imports 

similar to U.S. fisheries’ limits.
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for products facing U.S. import bans, any cer-

tification requirements placed on its supply 

chain might indirectly increase compliance 

incentives for other countries. 

The countries most economically depen-

dent on seafood exports to the United States 

(see the figure) are small Latin American 

countries (e.g., Guyana, Belize, Ecuador, 

Honduras, Suriname, and Nicaragua), Small 

Island Developing States (SIDS) (e.g., Mar-

shall Islands, Fiji, Kiribati, Maldives, Gre-

nada, Bahamas, and Solomon Islands), and 

a few developed countries [Faroe Islands (of 

Denmark), Iceland, and Chile]. Seafood ex-

ports to the United States (excluding some 

clearly exempt categories, table S2) make 

up 0.5% or more of GDP in the 16 countries 

listed above (as much as 5 to 6% in the Mar-

shall Islands and Faroe Islands) and in Viet-

nam (14, 15). 

Most of these countries’ U.S. exports are 

dominated by a small number of products 

(14) (table S2). Some of the products may 

be exempted [e.g., tuna from purse seines in 

the Pacific Islands (1)], but many seem likely 

to be affected [e.g., wild-caught shrimp from 

Guyana, tuna from Suriname and Grenada, 

cod from Iceland, and farmed salmon from 

the Faroe Islands and Chile (8)]. Bans on 

these exports could have severe economic 

impacts if comparable demands and prices 

are unavailable in other markets. 

The small Latin American countries and 

most of the SIDS that would be potentially 

affected are relatively poor and likely to 

need rapid and substantial improvements 

in scientific and management capacity to be 

able to comply at U.S.-equivalent standards 

within the 5-year grace period (13). Ef-

forts to comply will need to be driven from 

within the countries themselves, but history 

suggests that outside support and funding 

could increase the chances of success (16). 

Compliance with the new import regula-

tion requires capacity to monitor marine 

mammal abundance and bycatch rates, and 

to implement bycatch mitigation measures 

where necessary. Abundance monitoring is 

a significant gap—only ~5% of the ocean 

has been surveyed well enough to detect the 

presence of rare cetacean species or trends 

in common ones (17). Estimating marine 

mammal abundance throughout a country’s 

Exclusive Economic Zone generally requires 

large, costly surveys (18). But regional co-

ordination can exploit an economy of scale 

by allowing countries to share costs, ships, 

trained observers, analytical expertise, and 

data. Coordination also promotes regional 

planning and management. The Agreement 

on the Conservation of Small Cetaceans of 

the Baltic and North Seas (ASCOBANS) pro-

vides an example of such regional coopera-

tion in monitoring that NOAA specifically 

cites as adequate for meeting the new im-

port standards (1). 

Bycatch mortality is best monitored by 

placing trained observers on a represen-

tative sample of boats, but there are also 

rapid assessment methods that estimate 

bycatch mortality rates roughly from inter-

view surveys (19). If bycatch is found to be 

exceeding allowable harm limits, mitigation 

workshops could allow stakeholders to de-

sign locally adapted strategies to reduce by-

catch with minimal impact on fishing yield 

(20). Strategies can include changing the 

fishing timing, location, or gear, or the use 

of acoustic “pingers” to deter marine mam-

mals from nets. IUU fishing remains a chal-

lenge, but emerging satellite technologies 

are rapidly expanding options to monitor 

and coordinate enforcement (21).

The international community can support 

each of these efforts through both funding 

and building scientific capacity. The United 

States will need to lead in providing such 

support. But other countries, foundations, 

and intergovernmental organizations may 

also be willing to help some of the small 

Latin American countries and SIDS, which 

face high economic stakes but have relatively 

few fisheries requiring reform.        j
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By Michael Oppenheimer1 and 

Richard B. Alley2

R
ecent estimates suggest that global 

mean sea level rise could exceed 2 m 

by 2100. These projections are higher 

than previous ones and are based on 

the latest understanding of how the 

Antarctic Ice Sheet has behaved in 

the past and how sensitive it is to future 

climate change. They pose a challenge for 

scientists and policy-makers alike, requir-

ing far-reaching decisions about coastal 

policies to be made based on rap-

idly evolving projections with large, 

persistent uncertainties. An effective 

approach to managing coastal risk 

should couple research priorities to 

policy needs, enabling judicious deci-

sion-making while focusing research 

on key questions. 

In a recent study, DeConto and 

Pollard used a model that combines 

ice-fracture processes with inferences 

from paleoclimatic data to estimate 

the Antarctic contribution to global 

sea level rise by 2100. For a high emis-

sions scenario, they found this contri-

bution to be as high as 78 to 150 cm 

(mean value 114 cm) (1). For the same 

scenario, the Intergovernmental Panel 

on Climate Change (IPCC) Fifth As-

sessment Report (AR5) gave an Ant-

arctic contribution of only –8 to +14 

cm (mean value 4 cm) (2). Combining 

AR5 estimates for thermal expansion, 

mountain glaciers, the Greenland Ice 

Sheet, and land water storage with the 

Antarctic contribution from (1) yields 

a mean value of 184 cm for the total 

global sea level rise and an uncertainty range 

that extends above 2 m. Additional processes 

may increase or decrease local changes, but 

major coastal effects would occur almost 

everywhere (3). 

These and other scientific developments 

(1, 3, 4) are emerging too fast to be captured 

by the comprehensive IPCC assessments, 

which are published every 6 to 7 years. Pol-

icy-makers are left without a means to con-

textualize recent estimates, which remain 

highly uncertain. Taking an engineering 

approach and defending against the highest 

projections available at a given time, plus 

a margin of error, can be prohibitively ex-

pensive. But ignoring such estimates could 

prove disastrous. 

Furthermore, flood defenses take a lot of 

time and political will to implement. The con-

struction of the Thames storm surge barrier 

and the ongoing strengthening of the Neth-

erlands’ sea defenses were both stimulated 

by a catastrophic 1953 storm in which more 

than 2000 people perished. Yet, the process 

of political consensus building, planning, fi-

nance, and construction took almost 30 years 

before the Thames barrier was complete (5)—

and that was fast compared with some large 

infrastructure projects. Waiting another few 

decades to decide on specific adaptations in 

the hope that scientific predictions will be-

come firmer may put completion off until the 

last quarter of this century. At that time, ac-

tual sea level rise could be approaching 2 m, 

with a much larger rise still to come.

CHANGING ESTIMATES

In the early 1980s, U.S. EPA projected a sea 

level rise of 144 to 217 cm by 2100 (6). From 

the late 1980s to the late 1990s, develop-

ments in numerical modeling of ice sheets 

undercut the notion that ice sheet insta-

bility would cause such rapid ice loss and 

sea level rise (7). Other sources of sea level 

change, particularly thermal expansion 

and mountain glacier retreat, dominated 

projections. The resulting estimates of to-

tal sea level rise were lower than before, as 

reflected by the projection in IPCC’s AR1 of 

31 to 110 cm (see the figure).

Fast forward another decade to IPCC’s 

Fourth Assessment Report (AR4), and the 

field was in chaos due to emerging observa-

tions of the ice sheets. These led AR4’s au-

thors to refrain from a complete estimate 

of sea level rise because they could not con-

strain the effect of warming on ice sheet 

flow (8). Improved remote sensing and on-

the-ground capability captured spectacular 

episodes of change, such as the collapse of 

most of the Antarctic Peninsula’s floating 

Larsen B Ice Shelf and resulting accelera-

tion of its tributary glaciers, acceler-

ation of West Antarctica’s Thwaites 

and Pine Island Glaciers, and ice 

loss in Greenland. These events 

were driven by similar dynamical 

processes that were not represented 

in ice sheet models, confounding at-

tempts to project. Also troubling was 

the discovery that a few glaciers and 

ice streams on the periphery of East 

Antarctica are vulnerable to warm-

ing, adding additional meters to 

potential sea level rise beyond 2100 

(1). These findings drove rapid im-

provements in ice sheet modeling 

and a renewed interest in paleocli-

mate analogs of a warming world, 

enabling IPCC to begin to quantify 

these uncertainties in AR5, although 

the models were still evolving. Since 

AR5, various improvements have 

been proposed for representing 

the ice sheet contribution to global 

mean sea level projections (3, 4).

SOLVING THE ICE FLOW PROBLEM

The main reason for the difficulties in 

predicting sea level change is a limited un-

derstanding of ice flow. In many locations on 

the Greenland and Antarctic ice sheets, ice 

that is too thick to float rests on a bed be-

low sea level. The ice thins as it flows toward 

the coast until it crosses the grounding line 

to form floating ice shelves. The latter, still 

attached to the main ice sheet, are restrained 

from flowing faster by friction at their sides or 

by local seafloor highs. Warming ocean water 

or air can thin ice shelves, reducing this lat-

CLIMATE CHANGE

How high will the seas rise?
Coastal defense measures must be flexible in the face 
of rising sea level estimates
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The fall and rise of projected sea level rises
Sea level projections from models for year 2100 have changed 

markedly since the IPCC published its First Assessment Report (AR1) 

in 1990. Recent projections (3, 4) are based on ice models and other 

approaches that may capture the ice sheet contribution better than 

in the past, but large uncertainties remain. For details see (15).
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Model projections suggest that global sea le\tel 

could rise by 2 m or more by 2100. Such a rise 
would permanently submerge parts of coastal cities 
and regions unless costly defensive action. such 
as bui ding sea waUs. is taken. It would also vastly 
ina ease the area flooded temporarily du1ing ooastal 
storms. The image shows water crashing ewer the 
se-awall in downtown Cedar Key. f lorkSa, during 
Tropical Storm Andrea ln2013. 

ernl and basal f1iction and speeding the now 
of nonOooting ice into the ocean. This may 
Digger an unstable retreat of the grotmding 
line in some cases. Hecent ad\'ances in theory 
and modeling have produced credible de
sa-iptiOt\S or f\SI>CCIS of U1is behavior, which 
are now routinely inoorvor..Ue<l into regional· 
and OOtttincnltll·sca1e icc sheet models o.sed 
irlJ)rojectiOrls. (htL the OOffil)lcxitics of the icc 
sheet bed and ice imcraeLion \'iith U1c rtc.igh· 
boring ocean make rcliable prcdlcftOn of un. 
st.:lble retreat very challenging. 

At the same time. improved analyses of 
paleoclimate pa"'.xics indicate strongly that 
U1e sea surface was 6 to 9 m higher Lhan to
day during the Last lnwrglacil~ (·130,000 to 
n6,000 years "b'<>} (9}. These high sea le,·cls 
ron only be explain<.'<~ ~hrougt1 rnMS loss from 
U'tC Ice sh<.'Cts iu •'Cst)Of•sc 1.0 a sustainc:d rore
ing that l~ likely to be ~oc.·<:dcd before 2100 
under high emissions palJlways. The rate of 
Ulls l'ise was geologicaUy rapid but cannot be 
resolved to the centua'Y-or·less scale that is of 
greatest economic ooncem today. 

Projections that sea level aise over the 
ooursc or U\IS ccmury WO\Ild remain below 1 
m (2) hlogcd Oil the a'lSUillJ)Lion that ice-shelf 
friction and other processes will contirtuc to 
limit the rate of lee loss. However, beyond 
some threshold. especially if surf.1.ce melt· 
water wedges open crevasses, the ice sheh•es 
may break off entia-ely to leave cliffs tbat cah-e 
iceberg.~ dia·ccUy. 1hller dHfs ru-e less stable. 
11te tallest modem ice cliffs often persist 
months or longer between major calving 
events, but the larger stresses fr(Hu tnllcr cliO's 
might cause f.'Lt;LCr raihm~ a•klrCJ •-eat(IO). Rc· 
treat or Thwaii.CS Glacier in West AJltarctica 
after future ice-shelf loss could generate such 
a high and potentially very uosL1blc cliff. 11>c 
&·Miy by D<:Conoo tmd 1\>ilol'(l projcctt'<l lhc 
onset or ropid ice shC<.-1 r(..'treaL around much 
of West Antarctica during this century af. 
ter Wt\mting caused abu11d.ant meltwater in 
surface o-cvasscs; the ma:<innun rctreal rate 
in these projections depends on uncertain 
assumptions. and a faster se..1.. lm•el rise m~ht 
be possible (1). 

I!JepartmB'lt of GeoscJeonces and the ~rkC1N"AAson School. 
ROOertson H~/~448. Art~~((IQ tk¥1'CI'$ify. Prmb'l. N) 
08544. l&.t£arttt and £,.,Arorvnet~t~ ~t('m$ ln$bwte ~d 
Dep3rtmert d Geosc.letlces. SJl DetlGe Bmiel~ PMnsyfwlliJ 
SUite llnNtlsity. thl'('l'$1fy Park.PAJ6802.USA. 
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RESEARCH PRIORITIES 
Measurements of Uw Antarctic Ice Sheet 
and its .stuTOundi ngs oontinue to be sparse 
::md diff'lCult.. blS\Ifficicnt dtU.a limit physi· 
ad undcnaanding, ht Lt1rn l)rtventing ae
curatc nlodeling. And, <:ven under ideaJi1.00 
oonditions, cfficielttly :::olving the run fluid 
dynamic (S.okcs) <.-qua1ior1s for ice flO\\' pres
ents tllunedcal challenges. Recent repc.11·ts (II, 
12) outline an integrated t•eseardt progr'illll 
Umt tal'gets these large wtcea'ta.inties to un
derstand by how much and bow fast the sea 
l(:vcl may dsc. The Thwni~.C.:S Glacier region 
appears to be the mo.'rt likely place ror rapid 
ice loss to drive sea level rise, motivating a 
combined modeling and observation effort 
to accurately d \aracteri.zc ils bed. lee, ocean, 
and aunospherc. 

t\•lajor I'CU'Cat or Thwailes Glacier might 
not occul'. or it might occur \\1tilc maintain· 
ing an ice shelf at a rate that would be geolog· 
ically rapid but not necess:u·ily fast com~"U'txl 
with societal ability to pla r) and ndjusL But it 
is also possible that very fa.o,"t relr"C'at occurs, 
dtallcnging adapt.;ttion car)acity worldwide. 
High cmisslOtlS scenarios foresee cJlmatc 
forcing well beyond that whld> OCC\111'cd over 
the titne Sl>.i.n 0( the iul:itnunc:mtaJ record. 
Models constrained again.<;t lJti.s record may 
tltc~rcfore nol C81>turc future behavior. E\ten 
Ute paloocUmaLic record may not cal)turc 
botJt tJtc size and rate or ful'tirc \Vanning, mo. 
tivating the need for process undersronding. 
!~shelf loss and ditr failure are most eva-
dent now along the Antardic Peninsula and 
in Greenland. l'rocess studies sbould also be 
conducted in these places. 

POLICY IN THE INTERIM 
There nrc l>cL1Cr options for p())ley-mokc.m; 
tlHtn lO !)lay wait..arld·st~. Measures SI>CCifr 

cally designed with an eye toward evolving 
predictions incJude building defenses such as 
those in U1e Ncthertands. whidt am be aug· 
mcnted O\'Cr lime U3); builc.liug Slruchn'CS 
rcsHicnL to periodic flooding; and rctreaL 
fron t exposed area.~ oombhted ''~tJa enhtU\et'
mcnL of natural defense.~ :,uch a.~ wetJtutlto;. In 
flood.pmrlc .areas, pen•crse illccnrivcs, such 
as submaa'kel itlSUJ'a&lce premh:uns, should 
be eliminated while substituting 1ro.uced 
premiums and other incenth•es contingent 
on property mvners taking adnptive mea
SUFC$ before dis;lstcr occurs.. 11\CSC measures 
would reduce the large C.'i:PCilSe now irlcurn.."'d 
for disa.~tcr relief and rebuilding. 

Scienti~U ca.rl conttibute to Improving the 
basis for policy judgments by presenting pol· 
icy.makc:l's with projections that are as fully 
probabilistic as possible while also charnc-
terizing deep uncea1.ainties. rather than just 
them handing the worst-case oa· most·likely 
estimates. Constat protection is a risk ma.n~ 
ngernent issue, and dsks cannot be fully man· 
~gc<l o~atside~ l)robahilistie corli.C:<I. • 
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PLANT IMMUNITY

Starving the enemy
Plants respond to pathogen infection by relocalizing 
sugar from bacterial colonization sites

By Peter N. Dodds and Evans S. Lagudah

P
lants are energy storage factories. 

Photosynthetic cells convert energy 

from sunlight to sugars that are 

transported to growing tissues via 

both extracellular and intercellular 

trafficking pathways. Many pathogens 

have evolved mechanisms to infect the 

nutrient-rich niche of plant tissues and ex-

ploit these sugar pipelines. Some pathogens 

manipulate sugar transport to enhance 

their access to carbohydrate. For example, 

Xanthomonas bacteria deliver transcription-

activator–like effector proteins into leaf 

cells. These proteins induce expression of 

SWEET family sugar transporters to release 

sucrose into the apoplastic (extracellular) 

space where the bacteria grow (1). On page 

1427 of this issue, Yamada et al. (2) show 

that, in return, plants can also regulate 

sugar transporters, to redistribute the sugars 

away from the infection niche, removing the 

pathogens’ energy source and limiting their 

proliferation.

Plants respond to infection through an 

innate immunity system that uses both 

extracellular and intracellular receptors to 

detect pathogen components and trigger 

responses (3). Pattern recognition receptors 

(PRRs) expressed on the cell surface include 

flagellin-sensing 2 (FLS2), which recognizes 

bacterial flagellin, and chitin elicitor receptor 

kinase 1 (CERK1), which responds to chitin, 

a component of fungal cell walls (4). These 

receptor kinase molecules signal through 

interaction with the helper receptor kinase 

brassinosteroid insensitive 1–associated re-

ceptor kinase 1 (BAK1), which initiates a 

mitogen-activated protein kinase cascade 

and leads to responses including induction 

of defense gene expression, reactive oxygen 

species production, and stomatal closure. 

Yamada et al. treated Arabidopsis plants 

with flg22, a fragment of bacterial flagellin 

recognized by FLS2, and found that hexose 

uptake from the apoplast increased as part 

of the induced defense response. This was 

mediated by the plasma membrane hexose 

sugar transporter 13 (STP13). Indeed, the 

STP13 gene was expressed in leaf epidermal 

and mesophyll cells after flg22 treatment, 

but in addition, the transporter seems to 

be directly activated by phosphorylation. 

The authors observed STP13 interaction 

with several PRRs, including FLS2, as well 

as with the co-receptor BAK1, suggesting 

that it may be targeted by PRR signaling 

complexes. Indeed, the STP13 carboxyl-

terminal cytoplasmic domain was an in 

vitro phosphorylation substrate of BAK1. A 

phosphomimic mutation of the target residue 

(threonine 485) resulted in enhanced glucose 

and fructose uptake rates for the transporter. 

Yamada et al. further found that 

mutation of STP13 (and the constitutive 

hexose transporter STP1) increased hexose 

concentrations in leaf apoplast after flg22 

treatment and enhanced growth of the 

pathogen Pseudomonas syringae. This was 

true even for a nonpathogenic hrc mutant 

strain that is incapable of delivering effectors 

into host cells. Expression of STP13–green 

fluorescent protein decreased bacterial 

growth, demonstrating the defensive value 

of induced hexose uptake in response to 

infection. However, an STP13 mutant with an 

altered BAK1 phosphorylation site failed to 

complement this phenotype, suggesting the 

importance of direct protein activation in the 

response. Overall, these findings show STP13-

mediated hexose uptake as a basal pathogen 

resistance induced as part of pattern-mediated 

immunity. Cell wall invertase activity, which 

converts apoplastic sucrose into hexoses 

(glucose and fructose), was also induced by 

flg22, so the overall effect of this response is 

to remove a sugar source from the pathogen 

environment by sequestering it inside the 

host cells (see the figure). In addition to the 

nutritional effect on bacteria, Yamada et al. 

also observed increased induction of the type 

III secretion system in P. syringae infecting 

double stp1stp13 mutant plants, suggesting 

that STP13 function may also contribute to 

suppressing bacterial virulence.

Partitioning of sugars between the leaf 

cell and apoplast may also be important 

for other pathogen interactions. One 

example is the enhanced infection of an 

Arabidopsis stp13 mutant by the fungus 

Botrytis cinerea (5). Overexpression of 

STP13 reduced infection levels, suggesting 

a reliance on apoplastic sugars by this 

pathogen. However, no effects were 

observed for another fungus, Alternaria 
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brassicicola. Both of these are necrotrophic 

pathogens that kill host tissues to provide 

nutritional substrate. Other fungi have a 

biotrophic lifestyle, relying on maintaining 

living host tissue for nutrition, and may 

have an opposite requirement for sugar 

partitioning. Biotrophic rust and mildew 

fungi produce specialized structures called 

haustoria that penetrate host cell walls to 

extract nutrients (6). Mildew fungi grow on 

the leaf surface, and their only contact with 

the plant cell is through haustoria formed 

in leaf epidermal cells. Rust fungi grow in 

leaf intercellular spaces, but nevertheless, 

haustorial contact with leaf cells appears 

to be their main source of nutrients. Rust 

haustoria specifically express a proton 

pump adenosine triphosphatase and proton 

hexose symporter to drive hexose uptake 

from the extrahaustorial space (7). Thus, 

in contrast to P. syringae, which acquires 

nutrients and propagates in the apoplastic 

environment, intracellular hexoses are 

probably the primary source of carbohydrate 

for these pathogens. Interestingly, a natural 

mutation in the wheat STP13 ortholog that 

abolishes hexose transport activity is the 

basis of an important quantitative resistance 

gene (Lr67) present in some lines of wheat 

that is effective against rust and mildew 

pathogens (8). Expression of wheat STP13 

increases during rust or mildew infections, 

which could be a strategy of the pathogen 

to increase sugar availability within the 

infected cells. Likewise, expression of 

the grapevine STP13 homolog (VvHT5) 

increases during powdery mildew and 

downy mildew infection, and accumulates 

in phloem unloading cells (9), suggesting 

a role in increasing sugar supply to the 

infected leaves. 

Sugar partitioning is clearly an important 

parameter affecting plant–pathogen interac-

tions. Yamada et al. provide useful insights 

to test the role of STP13 in interactions with 

other Arabidopsis pathogens, particularly 

the biotrophic mildews. The biotrophic 

maize pathogen Ustilago maydis relies on 

sucrose rather than hexoses as primary 

assimilate (10), so other transport processes 

may be important during its infection. There 

are several families of sugar transporters 

in plants with different roles and substrate 

specificities (11), and these may provide 

opportunities for generating useful disease 

resistance phenotypes, such as that observed 

for Lr67 in wheat. j
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STP13 transports 
apoplastic glucose and 
fructose generated from 
sucrose by cell wall 
invertase (cwINV) into 
plant cells.
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recognition receptor FLS2, 
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sugar import into plant cells.
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CATALYSIS

Toward 
sustainable 
fuel cells
Improved fuel-cell catalysts 
require much less platinum 
for the same performance 

By Ifan Erfyl Lester Stephens, 

Jan Rossmeisl, Ib Chorkendorff

A 
quarter of humanity’s current energy 

consumption is used for transporta-

tion (1). Low-temperature hydrogen 

fuel cells offer much promise for re-

placing this colossal use of fossil fuels 

with renewables; these fuel cells pro-

duce negligible emissions and have a mileage 

and filling time equal to a regular gasoline 

car. However, current fuel cells require 0.25 g 

of platinum (Pt) per kilowatt of power (2) 

as catalysts to drive the electrode reactions.  

If the entire global annual production of 

Pt were devoted to fuel cell vehicles, fewer 

than 10 million vehicles could be produced 

each year, a mere 10% of the annual auto-

motive vehicle production. Lowering the Pt 

loading in a fuel cell to a sustainable level 

requires the reactivity of Pt to be tuned so 

that it accelerates oxygen reduction more 

effectively (3). Two reports in this issue ad-

dress this challenge (4, 5).

Strategies for tuning the activity of Pt cata-

lysts are based on the premise that pure Pt 

binds the oxygen-containing reaction inter-

mediates too strongly. State-of-the-art fuel 

cells use Pt–Ni or Pt–Co cathode catalysts (2). 

The solute metal (Ni or Co) leaches out from 

the surface layer into the acid electrolyte, 

leaving behind a Pt overlayer. Ni and Co at-

oms are smaller than Pt atoms and therefore 

exert a compressive strain on the Pt surface 

atoms. Compression weakens the binding to 

the oxygen-containing reaction intermedi-

ates (6). A mild weakening increases the cata-

lytic activity of Pt for oxygen reduction. 

On page 1410 of this issue, Bu et al. (4) 

report Pt–Pb nanoplatelets for use as oxy-

gen-reduction electrocatalysts. The catalytic 

activity of the platelets is high (4.3 A/mg at 

0.9 V; see the figure) in a liquid half cell (an 

electrochemical cell that allows catalysts to be 

probed under well-defined conditions). The 

superior performance of the nanoplatelets is 

somewhat counterintuitive because Pb atoms 

are larger than Pt atoms and should therefore 

Competing for sugar
Sucrose is exported from leaf cells into the extracellular space (apoplast) for transport to other parts of the 

plant. Plants and pathogens compete for apoplastic sugars.
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brassicicola. Both of these are necrotrophic 

pathogens that kill host tissues to provide 

nutritional substrate. Other fungi have a 

biotrophic lifestyle, relying on maintaining 

living host tissue for nutrition, and may 

have an opposite requirement for sugar 

partitioning. Biotrophic rust and mildew 

fungi produce specialized structures called 

haustoria that penetrate host cell walls to 

extract nutrients (6). Mildew fungi grow on 

the leaf surface, and their only contact with 

the plant cell is through haustoria formed 

in leaf epidermal cells. Rust fungi grow in 

leaf intercellular spaces, but nevertheless, 

haustorial contact with leaf cells appears 

to be their main source of nutrients. Rust 

haustoria specifically express a proton 

pump adenosine triphosphatase and proton 

hexose symporter to drive hexose uptake 

from the extrahaustorial space (7). Thus, 

in contrast to P. syringae, which acquires 

nutrients and propagates in the apoplastic 

environment, intracellular hexoses are 

probably the primary source of carbohydrate 

for these pathogens. Interestingly, a natural 

mutation in the wheat STP13 ortholog that 

abolishes hexose transport activity is the 

basis of an important quantitative resistance 

gene (Lr67) present in some lines of wheat 

that is effective against rust and mildew 

pathogens (8). Expression of wheat STP13 

increases during rust or mildew infections, 

which could be a strategy of the pathogen 

to increase sugar availability within the 

infected cells. Likewise, expression of 

the grapevine STP13 homolog (VvHT5) 

increases during powdery mildew and 

downy mildew infection, and accumulates 

in phloem unloading cells (9), suggesting 

a role in increasing sugar supply to the 

infected leaves. 

Sugar partitioning is clearly an important 

parameter affecting plant–pathogen interac-

tions. Yamada et al. provide useful insights 

to test the role of STP13 in interactions with 

other Arabidopsis pathogens, particularly 

the biotrophic mildews. The biotrophic 

maize pathogen Ustilago maydis relies on 

sucrose rather than hexoses as primary 

assimilate (10), so other transport processes 

may be important during its infection. There 

are several families of sugar transporters 

in plants with different roles and substrate 

specificities (11), and these may provide 

opportunities for generating useful disease 

resistance phenotypes, such as that observed 

for Lr67 in wheat. j
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CATALYSIS

Toward 
sustainable 
fuel cells
Improved fuel-cell catalysts 
require much less platinum 
for the same performance 

By Ifan Erfyl Lester Stephens, 

Jan Rossmeisl, Ib Chorkendorff

A 
quarter of humanity’s current energy 

consumption is used for transporta-

tion (1). Low-temperature hydrogen 

fuel cells offer much promise for re-

placing this colossal use of fossil fuels 

with renewables; these fuel cells pro-

duce negligible emissions and have a mileage 

and filling time equal to a regular gasoline 

car. However, current fuel cells require 0.25 g 

of platinum (Pt) per kilowatt of power (2) 

as catalysts to drive the electrode reactions.  

If the entire global annual production of 

Pt were devoted to fuel cell vehicles, fewer 

than 10 million vehicles could be produced 

each year, a mere 10% of the annual auto-

motive vehicle production. Lowering the Pt 

loading in a fuel cell to a sustainable level 

requires the reactivity of Pt to be tuned so 

that it accelerates oxygen reduction more 

effectively (3). Two reports in this issue ad-

dress this challenge (4, 5).

Strategies for tuning the activity of Pt cata-

lysts are based on the premise that pure Pt 

binds the oxygen-containing reaction inter-

mediates too strongly. State-of-the-art fuel 

cells use Pt–Ni or Pt–Co cathode catalysts (2). 

The solute metal (Ni or Co) leaches out from 

the surface layer into the acid electrolyte, 

leaving behind a Pt overlayer. Ni and Co at-

oms are smaller than Pt atoms and therefore 

exert a compressive strain on the Pt surface 

atoms. Compression weakens the binding to 

the oxygen-containing reaction intermedi-

ates (6). A mild weakening increases the cata-

lytic activity of Pt for oxygen reduction. 

On page 1410 of this issue, Bu et al. (4) 

report Pt–Pb nanoplatelets for use as oxy-

gen-reduction electrocatalysts. The catalytic 

activity of the platelets is high (4.3 A/mg at 

0.9 V; see the figure) in a liquid half cell (an 

electrochemical cell that allows catalysts to be 

probed under well-defined conditions). The 

superior performance of the nanoplatelets is 

somewhat counterintuitive because Pb atoms 

are larger than Pt atoms and should therefore 

Competing for sugar
Sucrose is exported from leaf cells into the extracellular space (apoplast) for transport to other parts of the 

plant. Plants and pathogens compete for apoplastic sugars.
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exert tensile strain. According 

to conventional wisdom, such 

an effect should strengthen 

the binding to the reaction in-

termediates (6), impeding the 

kinetics of oxygen reduction. 

However, transmission elec-

tron microscopy images sug-

gest that the core of the Pt–Pb 

nanoplatelets imposes tensile 

strain in some directions and 

compressive strain in others 

(4). As a result, some surface 

sites are under mild compres-

sion; these sites dominate the 

activity for oxygen reduction. 

This finding is somewhat 

analogous to our own research 

on alloys of Pt with rare earth 

metals. We have found that 

the larger rare earth atoms 

distort the compound away 

from a closely packed struc-

ture, inducing a compressive 

strain to the surface (7). 

On page 1414, Li et al. report 

their investigations of Pt nanowires. Whereas 

earlier studies have reported partially de-

alloyed Pt–Ni catalysts (8−10), Li et al. com-

pletely leach Ni out of Pt–Ni nanowires, 

resulting in jagged nanowires of pure Pt. The 

surface area and surface-specific catalytic 

activity of the nanowires are both exception-

ally high, yielding a record-breaking mass 

activity of 13.6 A/mg Pt at 0.9 V in a liquid 

half cell (see the figure). X-ray absorption 

spectroscopy measurements, supported by 

simulations, suggest that the Pt–Pt distance 

in the nanowires is shorter than in bulk Pt. 

The simplest explanation for the high oxygen 

reduction activity of the nanowires is that the 

surface is under compressive strain (8). 

Both the Pt nanowires and the Pt–Pb 

nanoplatelets show negligible activity losses 

under accelerated degradation tests at room 

temperature. Such resistance to degradation 

is surprising, given that strained Pt struc-

tures are thermodynamically destabilized 

relative to unstrained Pt. It remains to be 

shown, however, how well these catalysts will 

operate in real fuel cells, as opposed to the 

idealized conditions of liquid half cells. 

Liquid half cells are simple to optimize, 

require low amounts of catalysts, and are 

thus well suited for laboratory-scale studies. 

Catalyst activity is typically benchmarked at 

0.9 V because at higher current densities, 

the reaction is limited by the poor O
2 
trans-

port in liquid half cells. In the case of com-

mercial pure Pt nanoparticles, which are 

relatively inactive, there is excellent agree-

ment between liquid half cells and fuel cells 

at 0.9 V (11), but this is not always the case 

for more active catalysts (see the figure) (2). 

For instance, Stamenkovic and co-work-

ers’ Pt–Ni nanoframes have a mass activity 

of 5.7 A/mg at 0.9 V in a liquid half cell; such 

high catalytic activity was unprecedented 

in 2014, when their work was published (8). 

Preliminary, unoptimized experiments on 

Pt–Ni nanoframes in a fuel cell yielded an 

activity of 0.76 A/mg (see the figure) (12); to 

the best of our knowledge, this is the high-

est activity reported for any catalyst in a 

fuel cell. The nanoframes clearly offer high 

activity in a fuel cell but, thus far, have not 

captured the superior performance prom-

ised by the experiments in liquid half cells. 

This illustrates the challenges in translating 

advances from model studies to technologi-

cal application. 

Furthermore, fuel cells are operated at 

high current densities in order to maxi-

mize power; this requires the overall cell 

potential to be below 0.9 V. The benefit of 

using very active catalysts at such high cur-

rent densities is currently under debate. 

Recent reports suggest that a high power 

output is more easily sustained in a fuel cell 

loaded with catalysts with a large electro-

chemically active surface area, rather than 

those with an intrinsically high catalytic ac-

tivity (2). To this end, the high surface area 

of Li et al.’s Pt nanowires may be particu-

larly beneficial. 

The reason for this phenonemon encoun-

tered close to maximum power is unclear. At 

high overpotentials (that is, distance from 

equilibrium potential), Pt-based catalysts 

seem to reach a limiting sur-

face-specific current density of 

∼0.1 A/cm2 (13). Kongkanand 

and Mathias have suggested 

that this is due to poor trans-

port through the ionomer 

phase that covers each cata-

lyst particle (2). We propose 

another possibility: At suf-

ficiently large overpotentials, 

the barriers associated with 

electrochemical charge trans-

fer processes should become 

negligible. Thus, the kinet-

ics for the reaction cannot be 

accelerated further. At this 

point, the catalyst reaches a 

limiting value of the current 

density. The overpotential re-

quired to reach this current 

density falls with increased 

catalyst activity. Different cat-

alysts operating beyond this 

limiting overpotential should 

exhibit the same surface-

specific activity. 

Improvements in catalyst design have al-

ready allowed Pt loadings in fuel cells to be 

lowered substantially. This progress has been 

reached on the basis of model studies that 

have elucidated fundamental bottlenecks 

at the electrochemical interface and shown 

how they can be overcome.  Scientists should 

extend this approach to the investigation of 

well-defined catalysts at the high current 

densities at which fuel cells are operated (14). 

The resulting insights will help to translate 

the spectacular gains in activity and stability 

represented by the latest generation of fuel 

cell catalysts to real devices.        j
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From model studies to real devices
Novel Pt-based catalysts, including those reported by Bu et al. and Li et al. in this issue, 

perform better than commercial pure Pt nanoparticles in model liquid half cells (15). 

The next challenge is to translate the full extent of this superior performance to fuel cells.
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By Derek Elsworth,1 Christopher J. Spiers,2 

Andre R. Niemeijer2

F
luid injection–induced seismicity has 

become increasingly widespread in oil- 

and gas-producing areas of the United 

States  (1–3) and western Canada. It 

has shelved deep geothermal energy 

projects in Switzerland and the United 

States (4), and its effects are especially acute 

in Oklahoma, where seismic hazard is now 

approaching the tectonic levels of parts of 

California. Unclear in the highly charged 

debate over expansion of shale gas recov-

ery has been the role of hydraulic fractur-

ing (fracking) in causing increased levels of 

induced seismicity. Opponents to shale gas 

development have vilified fracking as directly 

responsible for this increase in seismicity. 

However, this purported causal link is not 

substantiated; the predominant view is that 

triggering in the midwestern United States 

is principally a result of massive reinjection 

of energy-coproduced wastewaters. On page 

1406 of this issue, Bao and Eaton (5) identify 

at least one example of seismicity developed 

from hydraulic fracturing for shale gas in the 

Alberta Basin.

Energy supply in the United States has 

changed dramatically over the past decade. 

In an energy-hungry world, the shale gas rev-

olution has been heralded both as salvation 

and as damnation. This position has resulted 

from unlocking the massive store of gas and 

oil held in deep, ultralow-permeability shale 

reservoirs. The successful development of 

both horizontal drilling and massive hydrau-

lic fracturing has been key to foment this 

revolution. 

On the positive side, this new and abun-

dant supply of gas and liquid hydrocarbons 

has contributed to a sea change in the U.S. 

energy outlook, with North America effec-

tively becoming energy-independent (6). 

On the downside, some identify gas-for-coal 

substitution as only deferring the inevitable 

hard choice of transitioning from fossil fuel 

to sustainable energy, noting the impact of 

cheap gas in impeding penetration of true re-

newables into the marketplace (7). Concerns 

about rural industrialization, fears of the im-

pact on groundwater resources, dangers in-

herent in surface transportation of fracturing 

water and hydrocarbons, the proliferation of 

pipeline networks, and risks of induced seis-

micity have all fueled the debate. 

Part of this debate, on the causality of in-

duced seismicity, is informed by the analyses 

of Shirzaei et al. (8) and by Bao and Eaton 

(5). Their treatments of observational data 

specifically address the role of massive 

wastewater injection in triggering seismicity 

(8) and whether the much smaller injections 

involved in hydraulic fracturing (5) may have 

similar impact. 

Induced seismicity in the midwestern 

United States has grown lockstep with the 

increase in coproduced waters pumped from 

near-exhausted conventional oil reservoirs. 

Disposal of the sometimes four barrels or so 

of brine produced for every single barrel of 

oil is typically achieved through reinjection 

into deep saline aquifers (see the figure). The 

resulting inflation of deep saline aquifers is 

the principal, obvious culprit for increased 

seismicity. Increased fluid pressures reduce 

the strength of faults transecting the disposal 

aquifers, which may already be on the point 

of tectonic reactivation. However, the evi-

dence is often circumstantial and equivocal. 

By contrast, Shirzaei et al. (8) provide a 

direct link between observations of seismic-

ity and wastewater injection with constraints 

on surface deformation derived from InSAR 

(Interferometric Synthetic Aperture Radar). 

These observations allow the authors to 

match a straightforward model for the elastic 

inflation of the porous, disposal aquifer to the 

deformation signature of uplift at the surface. 

Predictions of the fluid injection–induced 

changes in stress causing the surface defor-

mation are then combined with a model of 

fault failure to infer the observed seismicity. 

The constraint afforded by the InSAR-mea-

sured deformations is the key to establish-

ing causality between reinjection and the 

observed seismicity—removing ambiguity in 

linking wastewater production to seismicity 

and thus opening the way to mitigation.

A misperception is that increased hydrau-

lic fracturing for shale gas is the culprit for 

the increase in induced seismicity seen in 

North America. Rather, it is the reinjected 

disposal of the large volumes of coproduced 

brines from conventional hydrocarbon res-

ervoirs that are principally implicated (8). 

Although the much smaller (but appreciable) 

volumes of fracturing fluid have also contrib-

uted to smaller seismic events, the evidence 

directly linking observed seismicity to active 

1Energy and Mineral Engineering and Geosciences, G3 Center 
and EMS Energy Institute, Pennsylvania State University, 
University Park, PA 16802, USA. 2HPT Laboratory, Department 
of Earth Sciences, Utrecht University, Budapestlaan 4, 3484 CD, 
Utrecht, Netherlands. Email: elsworth@psu.edu

GEOPHYSICS

Understanding 
induced 
seismicity
Observational data sets 
provide a clearer picture 
of the causes of induced 
seismicity

Hydraulic fracturing at the Bakken Formation in North Dakota. A mixture of water and fracking fluids are 

pumped into the ground. 
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hydraulic fracturing is generally ambiguous. 

However, Bao and Eaton provide compelling 

evidence directly linking a magnitude-3.9 

event in Alberta to hydraulic fracturing of a 

gas shale. Seismicity initiated several weeks 

after the initiation of hydraulic fracturing 

and continued for 4 months after pumping 

had stopped. Although Bao and Eaton’s anal-

ysis lacks the geodetic (InSAR) constraint for 

the case of wastewater disposal (8), the role 

of hydraulic fracturing—and its interaction 

with large faults that also intersect basement 

rocks underneath the reservoir—seems clear. 

Most interesting is that seismic failure oc-

curred on two strands of a fault, but in re-

sponse to very different triggers.

The first event was triggered when elevated 

pore fluid pressures from the injected frack-

ing fluids diffused outward to reactivate a 

tectonically primed strand of a deep fault cut-

ting basement rocks. This strand failed once 

a sufficient portion was weakened, a mecha-

nism identical to triggering from wastewater 

injection (8). However, the second triggering 

mechanism had much greater reach from 

the hydraulic fracture. In this case, failure 

was driven by elevating the far-field stress 

beyond the immediate region inflated by the 

bladelike hydraulic fractures (see the figure 

inset). This implies two distinct mechanisms 

for seismicity: (i) a proximal region where 

pore fluid pressures are elevated and failure 

is driven by a reduction of the strength of the 

fault, with the stress state in the local rock 

mass remaining essentially unchanged, and 

(ii) an encapsulating aureole, which is as yet 

unpenetrated by pore pressure diffusion but 

where increased rock stress drives fault fail-

ure while fault strength remains largely un-

affected. These two different styles of failure 

act on similar time scales but are character-

ized by different length scales.  

For now, management strategies for miti-

gating seismicity associated with wastewater 

injection have a reasonable basis. Elevated 

pore pressures contributing to seismicity 

are reduced if injection rates are curtailed, 

if injection is distributed over multiple wells 

across the aquifer, or if injection wells are 

carefully located away from tectonically 

primed deep faults. However, solutions are 

less simple for hydraulic fracturing, in which 

wells must be located within the hydrocar-

bon reservoir with no possibility to relocate 

and the size, reach, fluid-conductivity, and 

ultimate effectiveness of the fracturing treat-

ment all depend on a high fluid injection rate.

The constrained analysis of wastewa-

ter reinjection provided by Shirzaei et al.

(8) helps clarify the debate over causality 

between injection and induced seismic-

ity, and the observations by Bao and Eaton 

(5) dispel the notion that events resulting 

from hydraulic fracturing are always small. 

These studies provide important steps to-

ward answering the key question in the 

induced seismicity debate: What is the size 

of the probable maximum event (9) based 

on sound and established scientific prin-

ciples? Only through such mechanistic un-

derstanding can induced seismicity be fully 

understood and mitigated.        j
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Induced seismicity 
A vertical well taps a conventional oil reservoir whereas a horizontal well accesses a shale reservoir for gas. Wastewater reinjection into a saline aquifer (shown in 1) and 

the injection of fracturing fluid (principally water) into the shale reservoir (shown in 2) have the same impact in elevating fluid pressures and driving the stress state on a 

deeply penetrating fault to failure. In cross section A-A’, injection of fluid near the fault causes slip by contrasting mechanisms in both the near-field and the far-field. The 

net effect of these two mechanisms is to elevate driving stress above the clamping stresses in these two concentric regions, and to potentially induce seismic slip.
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By George M. Whitesides

J
ohn D. (“Jack”) Roberts, Professor of 

Chemistry, Emeritus, at the California 

Institute of Technology (Caltech), died 

on 29 October at the age of 98. Roberts 

led organic chemistry’s transition from 

a field that studied what reactions did 

to one that also studied how reactions hap-

pened. He was an explorer with boundless 

curiosity who was untiring in his efforts to 

bring new and useful ideas, tools, and ex-

perimental designs to chemistry. He thrived 

on convincing chemists that his opinions on 

both science and scientific standards were 

correct (or at least worth arguing about, usu-

ally strenuously). He was not the only parent 

of physical-organic chemistry, but he was its 

best teacher.  

Roberts began his independent career in 

the time immediately after World War II. Be-

fore the war, chemistry had been concerned 

primarily with combining small molecules to 

make larger, more complicated ones. The war 

had produced a flood of new ideas and in-

strumental techniques in physical chemistry, 

ranging from theories of electronic structure 

to new spectroscopic tools. Organic synthetic 

chemistry and physical/analytical chemistry 

were culturally distinct, and interactions 

between them were limited. The war also 

resulted in the formation of the similarly dis-

tinct petrochemical industry and system of 

U.S. research universities that quickly came 

to support academic science. 

Roberts was completely indifferent to 

these boundaries between scientific ideolo-

gies. He went where his curiosity led him, 

and if there were obstacles that might have 

deterred others (for example, if he under-

stood nothing about the subject), he simply 

charged on (boldly, or incautiously, depend-

ing upon one’s point of view). When he dis-

covered a good new idea, or a new technique, 

he did everything he could to teach other 

chemists about it. He became simultaneously 

an organic chemist, a physical chemist, an 

academic scientist, an inveterate teacher, and 

an active industrial consultant. 

As a scientist, his greatest contribution 

was to the formation of physical-organic 

chemistry, the field that studies organic re-

actions using combinations of physical and 

synthetic methods. In addition to introduc-

ing methods of simple quantum mechanics 

and new forms of spectroscopy [especially 

nuclear magnetic resonance (NMR)] to the 

field, Roberts showed how to infer the ex-

istence and structure of “transitory inter-

mediates”: molecular structures that exist 

fleetingly (and are often, even now, invisible 

to direct observation) between the starting 

materials and products. In doing so, he made 

clear that focusing only on stable, long-lived 

reactants and products misses much of what 

goes on during the course of chemical reac-

tions. The understanding of reaction mecha-

nisms and intermediates that Roberts and 

others developed has been invaluable both 

in improving synthesis and in understand-

ing the critical reaction networks making up 

processes ranging from metabolism in living 

cells to the formation of hydrocarbon fuels in 

petroleum refineries. 

Roberts taught by doing, but he also 

taught by teaching. He wrote a number of 

books—from a widely used first-year organic 

chemistry text to short books on NMR spec-

troscopy and molecular-orbital theory (which 

he claimed to have dictated in his car while 

commuting). These books introduced the 

philosophy of physical-organic chemistry to 

both students and senior scientists.  

Born in 1918 in Los Angeles, California, 

Roberts received his B.A. (1941) and Ph.D. 

(1944) degrees from the University of Cali-

fornia, Los Angeles (UCLA). After short ap-

pointments at UCLA, Harvard, and MIT, he 

moved to Caltech in 1952, where he spent the 

remainder of his career. After 1980, he be-

came vice president, provost, and dean of the 

faculty at Caltech, but he continued to teach 

courses for many years.

I joined his research group as a graduate 

student in 1960, when his research career 

was in its most active phase. Roberts was 

an unwavering supporter of young scientists 

(and, long before others, of women in sci-

ence). He worked tirelessly and invisibly—

insofar as he could manage it—to support 

and encourage younger colleagues. During 

the time I was a student, I almost never saw 

him in person (he later told me that I was 

a porcupine best left alone), but he devoted 

countless hours to editing my work. I would 

write a draft of a paper, he would correct it in 

word-for-word detail (in red pen), I would re-

write it, he would correct it again, and so on, 

seemingly ad infinitum. This style of direct-

ing graduate research was splendid for im-

proving scientific standards, logic, grammar, 

style, and punctuation. It was even better as 

a lesson in the scientific method and, perhaps 

best of all, for building a (partially illusory) 

sense of independence. Years later, no longer 

a beginner, I wrote a report for a U.S. Na-

tional Academy of Sciences committee, and 

Roberts was the reviewer. As in the past, we 

went through six or seven rounds of detailed 

editing (his, of course, in red pen) before he 

was satisfied. One comes to realize that—as 

a writer or scientist—one can have no better 

friend and teacher than a demanding editor. 

Roberts loved to argue, and did not dis-

criminate between arguments in private and 

in public. For decades, he was the voice of 

conscience in the U.S. National Academy of 

Sciences and in other musty halls of Washing-

ton, DC, science. His arguments were always 

elitist. To him, only “quality” mattered. There 

could be no compromise on standards (and, 

fortunately, he had a clear and unwavering 

view of what these standards should be). His 

arguments were also loud. He was hard of 

hearing, and he loved combat. Every discus-

sion proceeded at high volume. But it was al-

ways worth thinking about what he said.

Jack Roberts was someone who was almost 

impossible not to love. To deal with—even for 

those of us who knew him well—he was gruff, 

argumentative, difficult or impossible to con-

vince, and stubborn to a fault. He was also ex-

traordinarily generous (he never took credit 

for a student’s idea), incorrigibly curious, ad-

dicted to new ideas, warm and loyal to his 

friends, devoted to his family, students, and 

colleagues, and deeply and genuinely protec-

tive of science and its institutions. j

10.1126/science.aal4869

Department of Chemistry and Chemical Biology, 
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Email: gwhitesides@gmwgroup.harvard.edu
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A
s testimony to the tenacity and brav-

ery of clever women, and the cour-

age of some laboratory managers and 

directors, the 20th century saw the 

emergence of women as significant 

participants in astronomy and space 

engineering. 

In the opening pages of The Glass Universe, 

Dava Sobel recounts how, in the wake of her 

husband’s death in 1882, Mary Anna Palmer 

Draper was determined to ensure that his 

legacy as a trailblazer in the field of astro-

photography was not forgotten. With the 

encouragement of Edward Charles Pickering, 

director of the Harvard College Observatory, 

she established the Henry Draper Memorial, 

which would support an ambitious new pro-

gram that sought to classify several thousand 

stars from a catalog of photographs captured 

on glass plates. She thus became a benefac-

tor of the observatory, providing funds and 

eventually a telescope, to ensure that her hus-

band’s spectroscopic work was continued. In 

doing so, Draper—herself an active partici-

pant in her husband’s research—set in mo-

tion events that would firmly establish a role 

for women in modern astrophysics. 

In the year of Henry Draper’s untimely 

passing, Pickering had issued a plea request-

ing the help of amateur astronomical observ-

ers, who would be responsible for performing 

calculations on the observatory’s nighttime 

observations. Noting the aptitude and un-

tapped potential of the gentler sex, he had 

enlisted the assistance of six women “com-

puters” by February 1883. 

Sobel capably demonstrates how Picker-

ing’s cadre of women computers not only 

standardized the stellar brightness scale to 

levels fainter than the unaided eye could 

see but also characterized the detailed ap-

pearance of stellar spectra on plates that re-

corded hundreds of observations at a time. 

Williamina Fleming, for example, originally 

employed as Pickering’s maid, created an 

extensive empirical classification scheme 

based on the visual appearance of the spec-

tra. The scheme was later augmented by An-

tonia Maury, none other than Henry Draper’s 

niece. Astronomers at the time were skeptical 

of the use of photography as a robust astro-

nomical medium, but the women’s careful 

analysis helped the field of astrophotography 

become a cornerstone of stellar astronomy.

Later, we meet Cecilia Payne, an English 

woman who read chemistry and physics at 

Cambridge University. Payne arrived at the 

observatory in 1923, where she would eventu-

ally determine that stars are 99% hydrogen, 

an important breakthrough counter to con-

ventional wisdom at the time. Payne would 

go on to become the first woman to obtain 

a Ph.D. in astronomy from Radcliffe College 

(now part of Harvard) in 1925.

Sobel interweaves the diverse person-

alities and backgrounds of these and other 

women with stories about the evolution of 

the field of astronomy as a whole, includ-

ing the establishment of the American As-

tronomical Society, and the International 

Astronomical Union’s struggle to maintain 

and then reestablish international research 

collaborations across national boundaries 

during World War II (an effort in which the 

Harvard Observatory was a major player, 

according to Sobel). 

Hidden Figures, by Margot Lee Shetterly, 

picks up where The Glass Universe leaves off, 

highlighting a group of African American 

women who made important early contri-

butions to the space race during and after 

World War II. The book follows the career 

of Dorothy Vaughan, a former high school 

mathematics teacher, and her fellow female 

computers in the all-black West Area Com-

puting Unit of Langley Memorial Aeronau-

tical Laboratory, who were recruited from 

around the country to provide computation 

support for the war effort in the early 1940s. 

Contrasting the headline-grabbing exploits 

of Tuskegee airmen with the understated but 

no less impressive contributions of the “col-

ored computers,” Shetterly reveals how the 

women earned the respect and admiration 

of their colleagues. “They wore their profes-

sional clothes like armor,” she writes. “They 

wielded their work like weapons, warding off 

the presumption of inferiority because they 

were Negro or female.” 

The women continued their work after the 

war, during the period when rocketry was 

born and competition with the Soviet Union 

was fierce. A film about their contributions 

to NASA’s Project Mercury and the Apollo 11 

mission based on Shetterly’s book is set to be 

released on 25 December (1).

Besides being captivating reads, these two 

books chronicle stories of overlooked con-

tributions of women in space science, astro-

physics, and engineering in the 20th century. 

Both are a testimony to personal persever-

ance and ingenuity. Such histories enrich 

our understanding of the value of tapping 

diverse individuals to advance knowledge in 

any field.        j
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The calculators
Two tomes uncover how 
women broke down barriers 
to explore the universe 

By Carol Christian

Aerospace engineer Mary Jackson (played by 

Janelle Monáe) consults a colleague in Hidden 

Figures, in theaters 25 December 2016. 

Published by AAAS



1384    16 DECEMBER 2016 • VOL 354 ISSUE 6318 sciencemag.org  SCIENCE

P
H

O
T

O
: 

M
E

N
G

 D
E

L
O

N
G

 -
 I

M
A

G
IN

E
C

H
IN

A
/A

P
 I

M
A

G
E

S

By Kristin Harper

B
y the mid-1990s, the terror of the 

early AIDS epidemic had subsided 

in many western countries, as anti-

retroviral therapy transformed the 

once-deadly disease into a chronic 

condition. In China, however, the 

AIDS epidemic was just getting started. 

Slipping across the nation’s southern bor-

ders via injection drug use, the virus went 

largely undetected until it 

exploded among tens of thou-

sands of plasma sellers in ru-

ral China. Up to that point, 

many Chinese leaders had 

naively hoped that the ab-

sence of “social evils,” such as 

prostitution and illegal drugs, 

would prevent the infec-

tion from taking root in the 

country. HIV/AIDS in China: 

Beyond the Numbers is a fas-

cinating account of how the 

AIDS epidemic forced these 

leaders into action. 

This slim volume is full 

of quotes from researchers, 

policy-makers, and clinicians 

who were on the front lines 

of the epidemic. On the first 

page, Zunyou Wu (director of 

the National Centre for AIDS/

STD Control and Prevention 

at China’s CDC) and Elizabeth Pisani (King’s 

College London) state, “[E]veryone involved 

felt that it was important to give an honest 

account of these events; they all recognise 

that the lessons of the past have contributed 

in important ways to the strength and suc-

cess of China’s response at present.” 

As promised, the pages that follow are re-

markable for their candor, detailing many 

shortfalls on the part of the Chinese govern-

ment. A slow response to the plasma seller 

outbreak, for example, meant that even 

though the first HIV cases were detected in 

this group in the mid-1990s, many of the in-

fected were still undiagnosed and untreated 

when the story broke in the national and 

international news around the year 2000. 

The book also details how rank-and-file 

researchers and patient advocates went to 

heroic lengths to prevent new infections. 

We learn, for example, how the organiz-

ers of a national training workshop that 

took place early in the epidemic instructed 

shocked participants to head outside to 

practice talking to sex workers; how one 

deputy director at the All-China Women’s 

Federation took advantage of her boss’s 

absence to apply for HIV prevention funds 

from the World Bank; and how virologist 

Laiyi Kang narrowly escaped arrest for in-

stituting an experiment that provided free 

condoms in the bathrooms of a high-end 

hotel in Shanghai.

The book describes how, eventually, se-

nior leaders took notice of the successes 

that these AIDS pioneers had carefully 

documented. When the Chinese govern-

ment did decide to support prevention and 

treatment efforts in earnest, it did so with 

all of its weight. The government’s spend-

ing on AIDS skyrocketed from a mere US$2 

million in 2000 to $600 million in 2015. 

And between 2010 and 2014, health officials 

reduced the number of steps between HIV 

screening and treatment from 4 to 1, thus 

increasing the percentage of individuals 

with a confirmed HIV infection who had 

initiated antiretrovirals from 40% to 90%. 

Most recently, in February of this year, the 

government announced that anyone with 

a confirmed HIV diagnosis can seek free 

treatment immediately, regardless of CD4 

cell count. 

This account of China’s transformation 

from HIV laggard to leader will be valuable 

to other countries seeking to meet the Joint 

United Nations Programme on HIV/AIDS 

90-90-90 target (i.e., by the year 2020, 90% 

of people living with HIV will know their 

status, 90% of people with HIV will receive 

sustained antiretroviral therapy, and 90% 

of people receiving antiret-

roviral therapy will achieve 

viral suppression). In par-

ticular, countries dependent 

on donor funds may want to 

take note of the Chinese gov-

ernment’s insistence on us-

ing international assistance 

to meet national objectives 

rather than donors’ objectives 

and on satisfying grantors’ 

reporting requirements with 

a single, centralized data plat-

form built to meet national 

needs and reduce paperwork. 

As the authors acknowl-

edge, though, many features 

of China’s system may be 

difficult for other nations 

to replicate. Few countries 

have such a strong central 

government, and whereas 

today over 99% of funds for 

HIV programs in China come from domes-

tic sources, many AIDS-stricken countries 

do not have the resources to ramp up fund-

ing in this way. 

As the authors point out, it remains to 

be seen how China will adapt to the chang-

ing HIV landscape; to what extent its top-

down government will be able to partner 

with grass-roots community groups to 

reach at-risk populations; and whether the 

stigma that impedes prevention and treat-

ment efforts can be reduced. However, 

this book offers a vivid history of China’s 

response to HIV from the pathogen’s emer-

gence until the present, and it joins the 

relatively thin ranks of books that offer 

first-person accounts of important eras in 

public health. This is a must-read book for 

anyone interested in HIV, infectious dis-

eases more generally, or global health. j

10.1126/science.aal0205
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The aftermath of AIDS in China
A candid history uncovers the country’s stumbles and 
successes in the fight against the devastating virus 
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Chinese nursing students hold ribbons in honor of World AIDS Day in 2011.
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Prioritizing good diets
IN HER PERSPECTIVE “Plating up solu-

tions” (16 September, p. 1202), T. Garnett 

identifies “policy reluctance to interfere 

with the market, risk votes, or displease 

powerful corporations” as a major obstacle 

to addressing the problems inherent in our 

food system. Garnett identifies values as key 

to overcoming the policy obstacle and solv-

ing these problems. 

The problems that Garnett enumerates 

persist because two sets of conflicting diets, 

and associated values and policies, have 

been institutionalized: those that facilitate 

equitable food systems and healthy people 

and environments, and those that cre-

ate inequity, noncommunicable diseases, 

environmental degradation, and corporate 

profit (1). For example, the U.S. Department 

of Agriculture supports programs to increase 

consumption of fruits and vegetables but 

also subsidizes commodity foods that are 

correlated with increased risk of cardiometa-

bolic disease, especially among the poor and 

minority groups (2). U.S. colleges increas-

ingly focus on combating growing student 

food insecurity with food aid and education 

(3), but also support fast-food franchises 

and contracts with soda companies that 

fuel poor health, food insecurity (4), and 

environmental damage. [They then claim 

that proceeds from these sales enhance 

sustainability (5, 6).] 

Efforts to prioritize good diets over bad 

ones meet active resistance. When the U.S. 

Dietary Guidelines Advisory Committee 

made recommendations in 2015 for diets 

that support human and environmental 

health, the Obama Administration did not 

accept them, most likely because of pressure 

from the food industry (7). To advance good 

diets, the values on which diets are based 

must be openly discussed, and decisions 

must prioritize equity and human and 

environmental health over economic profit. 

We must make young people aware of the 

conflict between their values of autonomy 

and social justice and the manipulation 

of their food choices by industry (8, 9). 

Research showing the importance of diet 

in slowing and reversing negative trends in 

health and the environment could motivate 

policy changes. Publicizing this research 

could help garner the public and govern-

ment support necessary to counter food 

industry resistance (7) and its influence on 

scientific research (10). 

David A. Cleveland

Environmental Studies Program and Department of 
Geography, University of California, Santa Barbara, 

CA 93106-4160, USA. 
Email: cleveland@es.ucsb.edu 
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Editorial retraction
AN INVESTIGATION BY Imperial College 

into the Science Research Article “The 

protein LEM promotes CD8+ T cell immu-

nity through effects on mitochondrial 

respiration” (1), which was the subject 

of an Editorial Expression of Concern in 

December 2015 (2), has now concluded 

that duplications and use of incorrect 

Western blots occurred during the prepa-

ration of several figures in the paper. The 

investigation also found that examples of 

the original Western blots and accompa-

nying experimental details had been lost. 

The investigation found that the problem-

atic figures had been prepared solely by 

corresponding author Ashton-Rickardt 

and he accepted full responsibility for 

them. In agreement with the recommen-

dation of the investigation, Science is 

therefore retracting the Research Article.

Jeremy Berg 

Editor-in-Chief
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U.S. colleges contract with soda companies even 

as they try to facilitate good health.
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Indirect impacts of 
climate change 
THE VAST MAJORITY of research on 

climate change impacts on biodiver-

sity has focused on direct impacts, as 

reviewed by B. R. Scheffers et al. (“The 

broad footprint of climate change from 

genes to biomes to people,” Review, 11 

November, p. 719). However, the indirect 

effects of climate change on biodiversity 

will likely be far more damaging, given 

their scale, scope, and speed, especially 

those that affect already highly-modified 

landscapes and seascapes (1). These 

indirect impacts may arise from changes 

in people’s values (such as an increas-

ing desire for national self-sufficiency), 

socioeconomic drivers (such as escalat-

ing global food prices), and policies and 

use of land and resources that accelerate 

habitat loss and fragmentation (such as 

intensification of water management 

and agriculture). 

Scheffers et al. focus on the impor-

tance of conserving large intact areas 

and on promoting “human-assisted evo-

lution” through the “managed movement 

of individuals or gametes between popula-

tions.” However, the greater need is to 

influence land and resource managers’ 

reactive responses to extreme weather 

events and proactive responses to climate 

change in ways that help sustain and 

restore natural processes on which 

biodiversity and our future well-being 

depend. This could be achieved by 

promoting targeted ecosystem-based 

adaptation actions (2, 3) such as the 

creation of buffer zones around habitats; 

habitat conservation, restoration, and 

creation; and management of the matrix 

between habitat patches. Species translo-

cation should be a last resort, given the 

possible adverse impacts on nontarget 

species and potentially limited wider 

benefits for biodiversity and ecosystem 

services, as well as high economic costs 

and low success rates (4).

Richard J. Smithers1* and 
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1Ricardo Energy and Environment, Harwell, Oxon, 

OX11 0QR, UK. 2Department of Earth Sciences, 

Uppsala University, 75 236, Uppsala, Sweden.
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AUTOIMMUNITY

A joint effect of 
bacteria and genetics
Although rheumatoid arthritis 

is an autoimmune disease, 

scientists have long suspected 

that bacterial infections (and in 

particular, periodontal infec-

tions) may play a role in its 

pathogenesis. Konig et al. now 

demonstrate that a particular 

periodontal pathogen called 

Aggregatibacter actinomy-

cetemcomitans (Aa) induces 

changes in neutrophil function. 

These lead to hypercitrullina-

tion of host proteins, which is 

also observed in the joints of 

patients with rheumatoid arthri-

tis. Moreover, an association 

between the presence of HLA-

DRB1 allele and increased risk 

of rheumatoid arthritis was only 

observed in patients exposed 

to Aa. Thus, the combination of 

this allele and Aa exposure could 

identify high-risk patients. —YN

Sci. Transl. Med.8, 369ra176 (2016).

GEOCHEMISTRY

Diamonds rock 
their metal roots
Massive diamonds are rare, 

expensive, and captivating. These 

diamonds now appear to be 

distinctive not only in their size 

but also in their origin. Smith et al. 

probed mineral inclusions from 

these very large diamonds and 

found abundant slivers of iron 

metal surrounded by reducing 

gases. This suggests that the 

large diamonds grew from liquid 

metal in Earth’s mantle. The inclu-

sions also provide direct evidence 

of a long-suspected metal pre-

cipitation reaction that requires a 

more reducing mantle. —BG

Science, this issue p. 1403

CONSERVATION

Too many roads
Roads have done much to help 

humanity spread across the 

planet and maintain global 

movement and trade. However, 

roads also damage wild areas 

and rapidly contribute to habitat 

degradation and species loss. 

Ibisch et al. cataloged the world’s 

roads. Though most of the world 

is not covered by roads, it is frag-

mented by them, with only 7% 

of land patches created by roads 

being greater than 100 km2.

Furthermore, environmental 

protection of roadless areas is 

insufficient, which could lead to 

further degradation of the world’s 

remaining wildernesses. —SNV

Science, this issue p. 1423

PHOTOCHEMISTRY

Asymmetric catalysis 
by tuning triplets
Triplet excited states manifest 

a distinct mode of reactivity 

TORNADOES

Blowing harder and more often

T
he frequency of tornado outbreaks (clusters of tornadoes) and the number of extremely 

powerful tornado events have been increasing over nearly the past half-century in the United 

States. Tippett et al. found that tornado outbreaks have become more common since the 

1970s. This increase seems to have been driven by consistent changes in the meteorological 

environment that make tornadoes more likely to form. However, the changes are not neces-

sarily those that one would expect from climate change, which makes it difficult to predict whether 

this trend will continue. —HJS

Science, this issue p. 1419

High-resolution cryo–electron tomography 
structures of the HIV-1 capsid   
Mattei et al., p. 1434

Twin tornadoes over 

farmland in Kansas, USA

Published by AAAS
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associated with their unpaired 

electrons. However, modulating 

this reactivity to select just one 

of two mirror-image products, or 

enantiomers, is difficult. Blum et 

al. found that Lewis acid coordi-

nation lowered the energy of a 

compound’s triplet state, which 

allowed it to be accessed using 

an optically excited sensitizer. 

Because the Lewis acid was 

essential for triplet formation, 

it could also direct the reaction 

pathway toward a single enantio-

mer. —JSY

Science, this issue p. 1391

INDUCED SEISMICITY

Triggered quakes 
get unconventional
The big earthquakes induced 

by human activity are mostly 

linked with disposal of waste-

water. However, Bao and Eaton 

implicate hydraulic fracturing 

(or fracking) as the culprit 

in western Canada (see the 

Perspective by Elsworth). 

Fracking near Fox Creek, 

Alberta, reactivated faults, clus-

tering earthquakes along the old 

fault traces. Fracking does not 

appear to cause large earth-

quakes in many other areas that 

are prone to induced seismicity. 

Understanding the underlying 

causes of seismicity in different 

localities is vital for developing 

sound regulation to limit dam-

aging earthquakes. —BG

Science, this issue p. 1406; 

see also p. 1380

VOLCANOLOGY

Volcano monitoring 
goes into the deep
Axial Seamount is a large and 

active submarine volcano 

along the Juan de Fuca mid-

ocean ridge off the coast of 

the western United States. 

Eruptions in 1998 and 2011 were 

followed by periods of magma 

recharge, making it an ideal 

location to include in the Ocean 

Observatories Initiative Cabled 

Array. Wilcock et al. present 

real-time seismic data from the 

most recent eruption in April 

2015 that allow the tracking of 

magma before and during erup-

tion. Nooner and Chadwick show 

that eruptions are predictable on 

the basis of deformation data. 

As magma pools underneath 

it, Axial Seamount inflates and 

erupts when the inflation hits a 

threshold. Both studies elucidate 

the dynamics of submarine vol-

canoes, which vastly outnumber 

their aboveground counterparts. 

—BG

Science, this issue p. 1395, p. 1399

PLANT PATHOLOGY

Dueling for sugars
Bacteria thrive on sugar. So do 

plant cells. Yamada et al. now 

show how the fight for sugar 

plays out in the extracellular 

spaces around plant cells when 

pathogenic bacteria are invading 

the plant (see the Perspective 

by Dodds and Lagudah). In the 

model plant Arabidopsis, part 

of the defense response incited 

by the presence of pathogenic 

bacteria includes transcriptional 

and posttranscriptional regula-

tion of sugar transporters. The 

resulting uptake of monosac-

charides from the extracellular 

space makes life a little bit more 

difficult for the invading bacte-

ria. —PJH

Science, this issue p. 1427; 

see also p. 1377

RIBOSOMES

Getting rid of faulty mRNA
The cell monitors the health of 

its mRNAs, destroying those 

that are faulty or damaged. 

Destruction by the exosome 

complex prevents them from 

being used to synthesize 

deranged and potentially dan-

gerous proteins. Schmidt et al. 

determined the structure of the 

Ski helicase complex, which 

guides RNAs to the exosome 

complex destruction machinery 

in association with a mRNA-

bound ribosome. The end of 

the mRNA is threaded from the 

ribosome into the heart of the 

helicase, whence the message 

would be channeled into the 

maw of the exosome complex. 

—GR

Science, this issue p. 1431

CELL BIOLOGY 

Crawling cells 
need to explore 
As it crawls, a cell explores the 

space in front of it by extending 

protrusions. These are formed 

by the branching of actin fila-

ments in the cytoskeleton at the 

leading edge that push the cell 

membrane outward. Leithner 

et al. disrupted actin branch-

ing in crawling leukocytes and 

observed profound changes in 

cell shape. The cells were able 

to move but were unable to 

change direction or navigate, 

whereas wild-type cells oriented 

in response to chemical gradi-

ents and navigated obstacles. 

Thus, although actin filament 

branching is not required to 

move a crawling cell forward, it 

is essential for generating the 

protrusions necessary to explore 

and navigate a complex three-

dimensional environment. —SH

Nat. Cell Biol. 18, 1253 (2016). 

CANCER ETIOLOGY 

Poor clock management 
and cancer 
For most people, sleeping and 

waking on a regular schedule is 

an aspiration rather than a real-

ity. Unfortunately, it is becoming 

clear that chronic disruption of 

the circadian clock, or “social 

jet lag,” can pose health risks. 

Kettner et al. studied mice to 

explore how jet lag affects liver 

function experimentally by 

varying the times at which lights 

were switched on and off each 

week. Despite a healthy diet, the 

jet-lagged mice gained weight 

and developed fatty liver disease, 

which progressed to fibrosis and 

in some cases to hepatocellular 

carcinoma, a form of liver cancer. 

The livers of these mice showed 

IN OTHER JOURNALS Edited by Caroline Ash

and Jesse Smith

STELLAR ASTROMETRY

A star passing close to 
the solar system

T
he Gaia astrometry satellite has greatly improved 

measurements of the position and motion of nearby 

stars. Berski and Dybczyński searched the Gaia data 

for the star that will pass closest to the Sun. They 

found that Gliese 710, a small faint star, will pass 

within 13,000 ± 6,000 astronomical units (one astronom-

ical unit is roughly the distance from Earth to the Sun). 

That will be well within the Oort Cloud, a collection of 

small bodies on the outskirts of our solar system. Some 

of those bodies will be knocked inward, generating large 

numbers of new comets. Earth is safe for now, though; 

the encounter will happen in 1.3 million years. — KTS

Astron. Astrophys. 595, L10 (2016).

Many new comets could be produced by the passage 

of the small star Gliese 710 through  the Oort Cloud.

Actin filaments allow cells to explore.

RESEARCH   |   IN SCIENCE JOURNALS
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ANTIBIOTIC RESISTANCE

Defying the onslaught 
of antibiotics
Bacterial persistence during 

and after antibiotic treatment is 

increasingly recognized to be as 

challenging as the evolution of 

genetic resistance in the clinic. 

Most bacteria, including most 

pathogens, have an innate ability 

to enter dormant stages as a 

bet-hedging strategy to ensure 

survival of stress. The tactics and 

mechanistic details are legion. 

Harms et al. review the triggers 

and signaling involved in bacte-

rial persistence, the important 

role of toxin/antitoxin modules 

in persistence, and how persister 

cells revive. On a more optimistic 

note, our recent understanding 

of the mechanisms underlying 

persistence opens the way 

to finding adjuvant drugs for 

antibiotics. —CA

Science, this issue p. 1390

ELECTROCATALYSIS

An activity lift 
for platinum
Platinum is an excellent but 

expensive catalyst for the oxy-

gen reduction reaction (ORR), 

which is critical for fuel cells. 

Alloying platinum with other 

metals can create shells of plati-

num on cores of less expensive 

metals, which increases its 

surface exposure, and com-

pressive strain in the layer can 

also boost its activity (see the 

Perspective by Stephens et al.). 

Bu et al. produced nanoplates—

platinum-lead cores covered 

with platinum shells—that were 

in tensile strain. These nano-

plates had high and stable ORR 

activity, which theory suggests 

arises from the strain optimiz-

ing the platinum-oxygen bond 

strength. Li et al. optimized both 

the amount of surface-exposed 

platinum and the specific activ-

ity. They made nanowires with a 

nickel oxide core and a platinum 

shell, annealed them to the 

metal alloy, and then leached 

out the nickel to form a rough 

surface. The mass activity was 

about double the best reported 

values from previous studies. 

—PDS

Science, this issue p. 1410, p. 1403; 

see also p. 1378

PROTEIN ENGINEERING

Engineering control 
of cellular proteins
The ability to switch proteins 

between active and inactive 

conformations can give insight 

into their function. Dagliyan et 

al. present a method to insert 

domains that control protein 

activity. They computationally 

identified protein loops that 

are coupled to the active site. 

Sensory domains inserted into 

these loops could modulate 

protein activity when their 

conformation was changed 

by light or ligand binding. The 

authors engineered domains 

into three different classes of 

proteins involved in cell signaling 

and found that switching the 

proteins between active and 

inactive states could control the 

shape and movement of living 

cells. —VV

Science, this issue p. 1441

STRUCTURAL BIOLOGY

Rescuing stalled 
ribosomes
A small percentage of bacte-

rial mRNAs lack a stop codon. 

Ribosomes stall at the end of 

such mRNAs, and the buildup of 

stalled ribosomes can be lethal. 

The primary rescue mechanism, 

in which translation continues 

on a piece of RNA that contains 

a stop codon, is a drug target. 

However, bacteria have another 

backup plan. James et al. pre-

sent structures that show that 

ArfA (alternative rescue factor 

A) substitutes for a stop codon 

by binding in the ribosomal 

mRNA channel and recruiting 

RF2 (release factor 2). It medi-

ates conformational changes 

required for RF2 to catalyze 

peptide release. —VV

Science, this issue p. 1437

CLIMATE CHANGE

The seas will rise, 
but by how much?
As Earth’s climate warms, sea 

levels are projected to rise as 

a result of the expansion of 

ocean waters and melting of 

glaciers and ice sheets. But 

uncertainties over the magni-

tude of the rise make it difficult 

to develop appropriate policies. 

In a Perspective, Oppenheimer 

and Alley highlight recent 

studies that project higher sea 

levels by 2100 than the most 

recent assessment report of 

the Intergovernmental Panel 

on Climate Change. The main 

factor leading to these higher 

estimates is a larger projected 

contribution from the Antarctic 

ice sheet. Policy-makers would 

do well to develop flexible flood 

defense approaches that can 

be adapted as the scientific 

understanding of Antarctic ice 

loss evolves. —JFU

Science, this issue p. 1375

VASCULAR DISEASE

Preventing vascular 
calcification
The arterial calcification that 

develops in patients with the 

genetic disease ACDC (arterial 

calcification due to deficiency 

of CD73) leads to peripheral 

ischemia. Cells from these 

patients have increased levels 

of an enzyme that degrades 

pyrophosphate, a compound 

that inhibits calcification. Jin et 

al. found that cells from ACDC 

patients had decreased pyro-

phosphate levels and increased 

activity of the mTOR pathway, 

which promotes calcification. 

These cells formed calcified 

teratomas when injected into 

mice. Teratoma calcification was 

reduced by treating the mice 

with a mTOR inhibitor or a drug 

that resembles pyrophosphate, 

suggesting new treatment 

options for this disease. —AV

Sci. Signal. 9, ra121 (2016).

STRUCTURAL BIOLOGY 

Structural insights 
into capsid flexibility
Viral capsids are protein struc-

tures that enclose the genetic 

material of viruses. Previous 

structural studies of the HIV-1 

capsid have relied on recombi-

nant, cross-linked, or mutant 

capsid proteins. Mattei et al. now 

report subnanometer-resolution 

cryo–electron tomography 

structures of the HIV-1 capsid 

from intact virions. These struc-

tures confirm the hollow cone 

shape of the capsid and allow 

for the specific placement of 

each individual capsid hexamer 

and pentamer within the lattice 

structure. The structures also 

reveal the flexible nature of the 

capsid, which likely helps it to 

accommodate interactions with 

host cell factors. —KLM

Science, this issue p. 1434
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ANTIBIOTIC RESISTANCE

Mechanisms of bacterial persistence
during stress and antibiotic exposure
Alexander Harms, Etienne Maisonneuve, Kenn Gerdes*

BACKGROUND: The escalating crisis of mul-
tidrug resistance is raising fears of untreatable
infections causedbybacterial “superbugs.”How-
ever, many patients already suffer from infec-
tions that are effectively untreatable due to
innate bacterial mechanisms for persistence.
This phenomenon is caused by the formation
of specialized persister cells that evade antibi-
otic killing and other stresses by entering a
physiologically dormant state, irrespective of
whether they possess genes enabling antibi-
otic resistance. The recalcitrance of persister
cells is a major cause of prolonged and recur-
rent courses of infection that can eventually
lead to complete antibiotic treatment failure.
Regularly growing bacteria differentiate into
persister cells stochastically at a basal rate, but
this phenotypic conversion can also be induced
by environmental cues indicative of imminent
threats for the bacteria. Size and composition
of the persister subpopulation in bacterial com-
munities are largely controlled by stress signal-

ing pathways, such as the general stress response
or the SOS response, in conjunction with the
second messenger (p)ppGpp that is almost
always involved in persister formation. Con-
sequently, persister formation is stimulated
under conditions that favor the activation of
these signaling pathways. Such conditions
include bacterial biofilms and hostile host envi-
ronments, as well as response to damage caused
by sublethal concentrations of antibiotics.

ADVANCES: The limited comprehensive under-
standing of persister formation and survival is
a critical issue in controlling persistent infec-
tions. However, recent work in the field has
uncovered themolecular architecture of several
cellular pathways underlying bacterial persist-
ence, as well as the functional interactions that
generate heterogeneous populations of persister
cells. These results confirm the long-standing
notion that persistence is intimately connected
to slow growth or dormancy in the sense that

a certain level of physiological quiescence is
attained. Most prominently, the central role
of toxin-antitoxin (TA) modules has been ex-
plained in considerable detail. In the model
organismEscherichia coliK-12, twomajor path-
ways of persister formation via TAmodules are
both controlled by (p)ppGpp and involve toxin
HokBandapanel ofmRNAendonuclease toxins,
respectively.Whereasactivationof themembrane-
associated toxinHokBdepends on the enigmatic

guanosine triphosphatase
(GTPase) Obg and causes
persister formation by ab-
olishing the proton-motive
force,mRNAendonuclease
toxinsareactivatedthrough
antitoxin degradation by

protease Lon and globally inhibit translation.
In addition to these two pathways, toxin TisB
is activated in response to DNA damage by the
SOS response and promotes persister formation
in a manner similar to HokB. Beyond TA mod-
ules, many additional factors (such as cellular
energy metabolism or drug efflux) have been
found to contribute to persister formation and
survival, but their position in particular molec-
ular pathways is often unclear. Altogether, this
diversity of mechanisms drives the formation
of a highly heterogeneous ensemble of persister
cells that displays multistress and multidrug
tolerance as the root of the recalcitrance of
persistent infections.

OUTLOOK: Though recent advances in the
field have greatly expanded our understand-
ing of the molecular mechanisms underlying
persister formation, important facets have re-
mained elusive and should be addressed in
future studies. One example is the upstream
signaling input into the pathways mediating
bacterial persister formation (e.g., the nature
of the pacemaker driving stochastic persister
formation). Similarly, it is often not well un-
derstood how—beyond the general idea of
dormancy—persister cells can survive the action
of lethal antibiotics. Finally, one curious aspect
of the persister field is recurrent inconsistency
between the results obtained by different groups.
We speculate that these variationsmaybe linked
to subtle differences in experimental proce-
dures inducing separate yet partially redun-
dant pathways of persister formation. It is
evident that the elucidation of this phenom-
enonmay not only consolidate progress in the
field but also offer the chance to gain insights
into the molecular basis and control of bac-
terial persistence.▪

RESEARCH

1390 16 DECEMBER 2016 • VOL 354 ISSUE 6318 sciencemag.org SCIENCE

Center of Excellence for Bacterial Stress Response and Persist-
ence (BASP), Department of Biology, Ole Maaløes Vej 5, DK-2200
Copenhagen, Denmark.
*Corresponding author. Email: kgerdes@bio.ku.dk
Cite this article as A. Harms et al., Science 354, aaf4268
(2016). DOI: 10.1126/science.aaf4268

Bacterial persisters defy antibiotic treatment.Persister cells are phenotypic variants of regularly
growing bacteria and survive lethal antibiotic treatment in a nongrowing, dormant state. Upon
termination of treatment, the resuscitation of persister cells can replenish the population. Our
Review focuses on the diverse molecular mechanisms that underlie bacterial persister formation
and drive the heterogeneity of these cells. PMF, proton-motive force.

ON OUR WEBSITE
◥

Read the full article
at http://dx.doi.
org/10.1126/
science.aaf4268
..................................................



REVIEW
◥

ANTIBIOTIC RESISTANCE

Mechanisms of bacterial persistence
during stress and antibiotic exposure
Alexander Harms, Etienne Maisonneuve, Kenn Gerdes*

Bacterial persister cells avoid antibiotic-induced death by entering a
physiologically dormant state and are considered a major cause of antibiotic
treatment failure and relapsing infections. Such dormant cells form stochastically,
but also in response to environmental cues, by various pathways that are usually
controlled by the second messenger (p)ppGpp. For example, toxin-antitoxin
modules have been shown to play a major role in persister formation in many
model systems. More generally, the diversity of molecular mechanisms driving
persister formation is increasingly recognized as the cause of physiological
heterogeneity that underlies collective multistress and multidrug tolerance of persister
subpopulations. In this Review, we summarize the current state of the field and
highlight recent findings, with a focus on the molecular basis of persister formation
and heterogeneity.

A
ntibiotic-resistant infections are presently
a leading cause of anxiety surrounding pub-
lic health policy (1). Typically, the current
escalation in the acquisition of genetic re-
sistance determinants has been seen as the

main driver of this phenomenon. But this is only
part of the story. Bacterial persistence is increas-
ingly recognized as another major cause of anti-
biotic treatment failure and relapsing infections
(2–4). Unlike antibiotic resistance that denotes
the inherited ability of bacteria to grow in the
presence of an antibiotic, bacterial persistence is
based on the formation of rare persister cells that
transiently display phenotypic tolerance to anti-
biotic treatment (5). These specialized survivor
cells evade antibiotic killing by entering a phys-
iologically dormant state—that is, at the cost
of essentially complete abrogation of bacterial
growth. The presence of persister cells can be
easily detected by the “biphasic killing” phenom-
enon of bacterial cultures exposed to bactericid-
al antibiotics: Characteristically, an initial, rapid
drop in bacterial counts represents the death
of the majority of the population, followed by
a second phase with much slower kinetics that
reflects the poor killing of persister cells (Fig. 1)
(6). This tolerance of persister cells and their abil-
ity to reinitiate growth after the termination of
antibiotic treatment are commonly seen as main
causes for the persistent and relapsing course of
many bacterial infections (2, 3). Despite consider-
able efforts and recent advances in the field,major
hurdles to efficient strategies against persisters
remain, including a lack of comprehensive under-
standing of which physiological properties and

molecular mechanisms underlie their formation,
survival, and resuscitation (3, 5, 7, 8).

Clinical relevance of persisters

Bacterial infections have always been a scourge
of mankind, but rates of morbidity andmortality
related to these infections have declined over the
past century, owing to lifestyle improvements as
well as the discovery and extensive use of anti-
biotics. The prevailing crisis of antibiotic resistance
has therefore raised fears that we are descending
into a postantibiotic “era of untreatable infections”
(9). Already today, however, many patients suffer
from bacterial infections that defy massive, long-
lasting, and repeated antimicrobial treatment
regardless of genetically acquired antibiotic resis-
tance. These infections are often chronic and are
never fully cleared by antibiotic treatment be-
cause bacteria can persist in biofilms or other
protected niches (10, 11). The recalcitrance of bac-
terial persister cells is well established as a cause
for these prolonged and recurrent infections, lead-
ing to eventual treatment failure (2–4, 11). Clinical
examples are urinary tract infections with uro-
pathogenic strains of Escherichia coli; the noto-
riously recalcitrant infections with Mycobacterium
tuberculosis; or opportunistic infections of im-
planted devices, open wounds, and other body
lesions typically causedbybiofilmsofPseudomonas
aeruginosa or Staphylococcus aureus (10, 12).
Heterogeneous populations of persisters that

display antibiotic tolerance, slow growth, and the
ability to reinitiate infection after antibiotic treat-
ment have been directly observed in diverse ani-
malmodels of bacterial infectionwith Salmonella,
uropathogenic E. coli, or M. tuberculosis (12–17).
In vitro, bacterial persisters inside host cells ex-
hibit greatly increased tolerance to antibiotic treat-
ment (12, 15, 18), and the hostile environment in
phagocytic vacuoles of macrophages directly in-

duces Salmonella persister formation (15). The
standard treatment of chronic infections, which
is based on the cyclic administration of high doses
of antibiotics, is clearly linked to greatly increased
persister levels of clinical isolates and has re-
peatedly been shown in vitro to rapidly select for
mutants displaying particularly high rates of per-
sister formation (18–26). Apart fromproblemswith
antibiotic tolerance itself, bacterial persisters have
also been described as a “catalyst” for the emer-
gence of genetic resistance (19) because different
stress signaling pathways commonly involved in
persister formation are known to enhance muta-
tion rates and activate mobile genetic elements
(27, 28).

Dormancy and the physiology
of persisters

Bactericidal antibiotics poison essential cellular
processes to cause lethal damage (29). The sur-
vival of persister cells is usually explained by their
transition into a “dormant” state hallmarked by
a reversible and substantial reduction of growth
rate and metabolism that protects the cellular
processes otherwise poisoned by bactericidal anti-
biotics (5, 7). In 1944, Joseph Bigger initially dis-
covered persisters and described them as cells
surviving antibiotic treatment in a “dormant, non-
dividing phase” (30). More globally, it has been
proposed that bacterial communities in all eco-
systems generate dormant cells as a perseverant
“seed bank” that enables the population to re-
cover and repopulate the habitat after catastrophic
events (31). Therefore, persisters are likely just
one face of a more general bacterial strategy to
cope with dynamic and latently hostile environ-
ments. This hypothesis is in line with the finding
that bacterial killing—not only by antibiotics but
also by environmental hazards such as acid stress,
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Fig. 1. Biphasic killing kinetics of bactericidal
antibiotic treatment. A lethal dose of bactericidal
antibiotic added at time zero rapidly eradicates the
sensitive bulk of the population (blue) until only non-
growingpersistercells (red) that are killed at a slower
rate remain. The slower killing has been interpreted
to reflect the persister resuscitation rate, but this
remains to be substantiated experimentally.The termi-
nationofantibiotic treatmentenables thepopulation to
be replenished by resuscitation of surviving persisters.



toxicmetals, or heat—displays biphasic kinetics (32).
However, it is clear that the nonreplicating state

of persisters is not sufficient for survival because
bacteriostatic conditions do not necessarily induce
antibiotic tolerance (33, 34). One study using flow
cytometry showed that most dormant cells were
not antibiotic-tolerant, although persisters were
strongly enriched in the physiologically dormant
fraction of the population (35). It is therefore evi-
dent that “persisters are not simply non-growing
cells” (36) but that persister formation involves
specific qualitative changes of bacterial physiology
to enable survival and resuscitation. Apart from
persisters surviving in dormancy, the stochastic
drop in expression of a prodrug-activating enzyme
has been described as “dynamic persistence” char-
acterized by transient antibiotic tolerance of grow-
ing bacteria (37). However, this mechanism of
drug avoidance could also be seen as stochasti-
cally expressed resistance rather than as persister
formation in the true sense.

Persister formation in
bacterial populations
Genetic basis of a phenotypic conversion

Strong experimental evidence supports the no-
tion that the signaling that controls bacterial
persistence and themechanisms directlymediat-
ing persister formation are genetically encoded
(5, 7, 20, 38–42). An alternativemodel—“persistence
as stuff happens”—explains persisters as acciden-
tally nongrowing cells arising from “errors and
glitches” (i.e., random cell malfunctioning) (43)
but conflicts with the growing literature on de-
fined molecular pathways as the basis of bacte-
rial persistence. The genetic heritability of these
pathways enables the frequency of persister for-
mation to adapt to the incidence of antibiotic treat-
ment. For example, recurrent antibiotic treatment
is clearly linked to raised levels of persisters in
clinical isolates and can rapidly select for in-
creased persistence up to population-wide toler-
ance in vitro (18–26, 44). However, persister
formation also has a pleiotropic fitness cost that
selects for reduced levels of persistence in the
absence of antibiotic treatment, though the evo-
lution along this path appears to be rather slow,
at least under laboratory conditions (15, 22, 23).
In natural populations, the forces driving the evo-
lution of persister frequencies seem to be highly
variable because persister levels differ widely be-
tween different species and strains (23, 45–47).

Stochastic and responsive
persister formation

Bacterial persister formation is driven by a com-
bination of stochastic and responsivemechanisms
that allow organisms to respond when harmful
conditions are sometimes, but not always, pre-
ceded by a stress signal (48). Stochastic persister
formation is typically interpreted as bet-hedging—
that is, an evolutionary strategy relying on phe-
notypic heterogeneity to maximize the fitness of
an isogenic population in dynamic environments
(49, 50). This concept implies that some persister
cells have formed before the onset of lethal anti-
biotic treatment. Direct observations from single-

cell microfluidics and flow cytometry show that
cells surviving antibiotic treatment had largely
been part of a preexisting dormant subpopulation
of exponentially growing E. coli (6, 34, 35, 51, 52).
Furthermore, bacteria can respond to environ-
mental cues by quantitatively and qualitatively
modulating the rate of phenotypic conversion
into persister cells, a concept known as respon-
sive diversification (53). As a simple example, the
application of sublethal levels of virtually any
stress, including antibiotic treatment, has been
shown to stimulate bacterial persister formation
(26, 41, 54, 55).

Cellular signaling upstream of
persister formation

Both stochastic and responsive persister forma-
tion are controlled by the same panel of signaling
pathways. These include conserved components,
such as (p)ppGpp signaling, that are integral to
nearly all persister formation,whereas other path-
ways, such as the SOS response or hypoxia sig-
naling, have mostly modulatory roles (Fig. 2).

Stringent response and
(p)ppGpp signaling

Guanosine tetraphosphate (ppGpp) and guano-
sine pentaphosphate (pppGpp) collectively act in
the “stringent response” as the ubiquitous sec-
ond messenger and “alarmone” (p)ppGpp that is
typically produced in response to nutrient starva-
tion and other stresses to reprogram cellular phys-
iology from growth to metabolic homeostasis and
survival functions (56, 57). In E. coli, (p)ppGpp
synthetase RelA is activated by amino acid star-
vation and heat shock, whereas carbon, nitrogen,
phosphate, iron, and fatty acid starvation activate
the (p)ppGpp synthetase activity of thebifunctional
synthetase/hydrolase enzyme SpoT. Once pro-
duced, (p)ppGpp modulates bacterial physiology

by transcriptional reprogramming and the direct
adjustment of target protein activities (56–58).
Across diverse organisms and experimental
models, mutants unable to produce (p)ppGpp
often show reduced levels of persister forma-
tion. For example, relA spoT mutants of E. coli
andPseudomonas aeruginosa exhibit defective per-
sister formation during exponential growth, in bio-
films, and in the stationary phase (33,40, 51, 59, 60).
Themagnitude of this phenotype is highly context-
dependent, confirming that complementary signal-
ing plays important roles in guiding persister
formation. Similarly, (p)ppGpp signaling has been
repeatedly implicated in persister formation and
antibiotic tolerance in Gram-positive organisms
such as Enterococcus faecalis or S. aureus (61, 62).
However, the molecular basis of this contribution
remains to be elucidated, and one recent study
was unable to detect an effect of (p)ppGpp sig-
naling on the persistence of S. aureus under their
experimental conditions (63).
Bacterial persister formation can be triggered

by a seemingly stochastic activation of (p)ppGpp
signaling in rare cells during exponential growth
(51) and by environmental conditions that stim-
ulate the production of (p)ppGpp (e.g., in biofilms
or during the stationary phase) (Fig. 2). Bacterial
biofilms are surface-associatedmulticellular com-
munities that are characteristically embedded in
a thick extracellular matrix and are prevalent in
the environment aswell as during infections (10, 11).
Though the physical structure of biofilms shields
the bacterial community from hostile conditions,
including immune responses, many antibiotics
readily penetrate into the biofilm core (11, 64).
Therefore, the notorious recalcitrance of biofilms
to antibiotic treatment and their propensity to
relapse have largely been attributed to the high
amounts of persisters that form inside a struc-
ture (11, 64, 65). Biofilms typically harbor 100- to
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Fig. 2. Environmental cues and cellular signals underlying persister formation. Beyond a basis of
stochastic persister formation (A), different environmental cues activate bacterial signaling to induce the
formation of persister cells (red) from regular growing cells (blue). For example, the transition into bacterial
persistence is strongly induced by the stationary phase (B), sublethal antibiotic treatment (C), and
phagocytosis by immune cells (D), as well as in biofilms (E).GSR, general stress response; c, concentration;
MIC, minimum inhibitory concentration.
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1000-fold more persisters than planktonic cul-
tures (2, 51, 65, 66). These high rates of persister
formation depend on (p)ppGpp aswell as on other
signaling processes, including diverse stress re-
sponses such as SOS induction, hypoxia, or the
sessility-associated second messenger cyclic di-
guanylate (commonly known as cyclic di-GMP)
(51, 59, 66–68). The stationary phase of bacterial
cultures is also hallmarked by a quiescent and
highly stress-tolerant physiology induced by the
integration of (p)ppGpp signaling and various
stress response pathways dominated by theRpoS
regulon (69, 70). Consequently, stationary-phase
cultures can easily harbor 103 to 104 times more
persisters than exponentially growing cultures
(26, 51, 65, 71, 72). A special case of persisters
are those whose formation is induced by diauxic
transitions between using a preferred carbon
source and using an alternative one.During such
lag periods, (p)ppGpp production is combined
with catabolite derepression (i.e., signaling through
the second messenger cyclic adenosine mono-
phosphate) (38, 53, 73).

RpoS and the general stress response

The default pathway of a given bacterium to
respond to adverse conditions is known as the
general stress response. In many proteobacteria
such as E. coli and P. aeruginosa, this response
largely relies on transcriptional reprogramming
via the alternative sigma factor RpoS (74). In
E. coli, the general stress response can be induced
in the stationary phase by nutrient deprivation
and/or (p)ppGpp, temperature stress, biofilm for-
mation, extreme pH, oxidative stress, and several
other cues (70). Beyond globally enhancing stress
tolerance of the population, RpoS is also a reg-
ulator of bacterial persister formation (Fig. 2).
The dual role of RpoS in controlling population-
wide stress tolerance and persister formation in
single cells results in divergent phenotypes of rpoS
knockouts: Under conditions that would induce
the general stress response, these mutants can
display increased or decreased tolerance, depend-
ing on the experimental setup (55, 66, 75–77),
whereas the low levels of RpoS in exponentially
growing E. coli do not seem to relevantly contrib-
ute to persister formation (33, 74).

The SOS response

The SOS regulon comprises genes mostly in-
volved in DNA repair and is induced in response
to DNA damage caused by stochastic cell mal-
functioning or various conditions such as oxida-
tive stress, extreme pH, blockedDNA replication,
and antibiotic treatment (78). More specifically,
the SOS response is ultimately induced by the
RecA protein that is activated by single-stranded
DNA generated from the processing of damaged
DNA (78). The role of the SOS response in bac-
terial persistence is twofold: first as a pathway of
complementary stress signaling that modulates
persister formation and second as a provider of
diverse DNA repair functions that are important
for persister resuscitation (see below). Consist-
ently, SOS-deficient mutants usually exhibit a
considerable drop in the number of surviving

persisters, particularly upon treatment withDNA-
damaging agents (26, 41, 67, 75, 79). However, it is
often not clear which of the two roles of the SOS
response is responsible for this phenotype.

Bacterial communication

Since bet-hedging and responsive diversification
optimize the fitness of a clonal population by
managing the investment of community resources
into phenotypically distinct subpopulations, it is
not surprising that bacterial communities coor-
dinate persister formation with the help of inter-
cellular signalingmolecules (Fig. 2). For example,
quorum sensing of pyocyanine or acyl-homoserine
lactone and the stress-inducible quorum-sensing
peptide CSP (competence-stimulating peptide)
can induce persister formation of P. aeruginosa
and Streptococcus mutans, respectively (80, 81).
Similarly, the widespread bacterial signaling mol-
ecule indole can modulate persister formation of
E. coli, though themolecularmechanismof indole
sensing is still a matter of debate (8, 82).

Persister heterogeneity

The original concept of persister dormancy as a
state in which antibiotic targets are generally in-
active implied that persister cells should exhibit
a rather homogeneous profile of multidrug toler-
ance. However, direct experimentation typically
revealed divergent profiles of antibiotic tolerance
and susceptibility among persisters in a given
culture (38, 45, 46, 83). True multidrug-tolerance
was detected for only a small proportion of per-
sister cells, but one may speculate that the het-
erogeneity of persisters enables survival of the
population under a wide range of harmful condi-
tions, as expected from the concept of bet-hedging.
The differential tolerance and cross-tolerance
patterns of cells within the persister subpopula-
tions result from physiological differences among
the persister cells, probably reflecting different
molecular mechanisms of their formation. Muta-
tions affecting bacterial persister formation often
compromise tolerance to different antibiotics un-
evenly, which has also been observed with per-
sisters induced by special growth conditions or
genetic manipulations (33, 38, 41, 66, 84). For
example, persisters tolerant to b-lactams and flu-
oroquinolones are induced by broadly similar
cellular signaling in the diauxic transition model
of E. coli, but full b-lactam tolerance required
higher levels of (p)ppGpp than fluoroquinolone
tolerance (38).

Persister formation by TA modules
Biology of toxins and antitoxins

Bacterial toxin-antitoxin (TA) modules are ge-
netic elements composed of a toxin protein that
inhibits bacterial growth by interfering with es-
sential cellular processes and an antitoxin that
prevents or impairs the functionality of the toxin
until this inhibition is abrogated in response to
cellular signaling (85, 86). TA modules are clas-
sified according to the nature of the antitoxin and
its mechanism of action, but thus far, only type I
and type II TAmodules have been widely studied
in the context of persister formation. Whereas

the antitoxins of type I TA modules inhibit toxin
expression as antisense RNAs (87, 88), the anti-
toxins of type II TA modules are proteins that
inactivate their cognate toxins in direct protein-
protein interactions (85, 86). Type I toxins are
usually small proteins that form pores in bacterial
membranes to collapse the proton-motive force
and halt adenosine triphosphate (ATP) synthesis,
but they can also act via differentmechanisms (87).
The molecular activities of type II toxins are highly
diverse, but most are translation inhibitors (85).
For example, type II toxins can impair translation
as ribosome-dependent or -independent mRNA
endonucleases (RelE or MazF families, respec-
tively); cleave rRNA or tRNA molecules (VapC
family); or inactivate elongation factors, tRNA,
and tRNA synthetases by posttranslational mod-
ification (Doc, TacT, and HipA families, respec-
tively) (85, 86, 89, 90).

TA modules in stress and
persister formation

Activation of TA modules requires sufficient ex-
pression of the toxin component and a disruption
of the toxin/antitoxin balance in favor of the toxin.
Type I and II TA modules are usually controlled
by a combination of transcriptional and post-
transcriptional regulation, as well as antitoxin
degradation in response to cellular signaling
(87, 91). In E. coli, the tisB/istR and hokB/sokB
type I TA modules are activated by the SOS re-
sponse and (p)ppGpp signaling, respectively
(40, 41). Type II antitoxins are usually degraded
by the protease Lon in response to (p)ppGpp sig-
naling or oxidative stress, although degradation
by ClpP has also been described (51, 91–93).
Graded activation of TAmodules in a way that

does not completely abrogate bacterial growth
enables cells to adjust growth rates and modify
bacterial physiology to enhance stress tolerance
(86, 94, 95). However, the activation of TA mod-
ules mostly exerts a robust switching into dor-
mancy once free toxin levels have crossed a certain
threshold, and this behavior is typically supported
by transcriptional autoregulation (96, 97). The
enforced expression of toxins of diverse type I or
II TAmodules often causes bacteriostatic growth
inhibition that coincides withmassively increased
antibiotic tolerance, thus directly implicating TA
modules inpersister formation (39–41,52,81,84,98).
Consistently, the transcriptomes of persister cells
reveal an up-regulation of TA modules in E. coli
and M. tuberculosis (52, 72, 84, 99). Further-
more, a considerable jump in antibiotic toler-
ance has been obtained by the treatment of E.
coli with drugs that mimic the action of type I
or II TA modules (100), and clones selected for
increased persister levels often carry known or
suspected gain-of-function mutants of TA mod-
ules (18, 20, 21, 24, 44). However, genetic screens
have mostly failed to detect any strong effect
of TA module loss-of-function mutants on per-
sister frequencies under standard conditions
(77, 81, 101, 102), indicating that persister for-
mation by TA modules exhibits considerable
functional redundancy. This hypothesis has been
experimentally confirmed in E. coli, where the
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consecutive deletion of 10 mRNA endonuclease
TAmodules showed the cumulative effects of dif-
ferent TAmodules only after the first 5 had been
knocked out (39).
Notably, single TAmodule knockouts occasion-

ally display defects in persister formation, although
these phenotypes are often very specific. For ex-
ample, single knockouts in any mRNA endo-
nuclease TA module had no effect on persister
formation in exponentially growing E. coli (39).
However, amutant of yafQ (a RelE familymRNA
endonuclease) displayed markedly reduced levels
of persister cells in biofilms (103), and mqsR
(another RelE homolog) or relE knockouts were
impaired in the formation of long-time tolerant
stationary-phase persisters (75). These results sug-
gest that the roles of given TA modules in per-
sister formation in natural environments may be
highly context-dependent, and different TAmod-
ules may possibly be wired to distinct upstream
signaling pathways (93, 104). Furthermore, it is
clear that the different molecular mechanisms of
distinct TAmodule toxins result in the formation
of physiologically distinct persister cells. Con-
sistently, the overexpression of different toxins
induces distinct profiles of antibiotic tolerance
(41, 52, 84, 105).
The observed accumulation of large numbers

of TA modules—particularly in organisms that
are adapted to dynamic environments including
chronic, persistent infections—likely mediates
both functional redundancy as well as the char-
acteristic heterogeneity of persister cells. Typical
examples for organisms that fit this pattern are
E. coli, M. tuberculosis, and Salmonella enterica
serovar Typhimurium (106). A recent dedicated
study further showed that persister levels in differ-
ent strains and species of the genus Pseudomonas
correlatewith thenumberof type IITAmodules (47).

TA modules in the persistence of
E. coli K-12

By far, the molecular basis of bacterial persister
formation has been most intensively studied in
the model organism E. coli K-12. This organism
encodes at least ~30 TAmodules: Of these, rough-
ly half are type I and half are type II, with only
few belonging to other types (85). A consider-
able number of these TA modules contribute to
persister formation in three major pathways that
have been elucidated in detail and provide useful
examples for the molecular basis of bacterial per-
sistence in general (Fig. 3).

mRNA endonucleases under control of
(p)ppGpp and Lon

A set of 10 mRNA endonuclease type II TA mod-
ules inE. coliK-12 is under the control of (p)ppGpp,
inorganic polyphosphate, and protease Lon in a
linear, hierarchical signaling pathway (Fig. 3) (51).
During rapid growth, this pathway is triggered in
rare cells that contain high levels of (p)ppGpp as
a result of seemingly random physiological fluc-
tuations (51). Through competitive inhibition of
the polyphosphate hydrolase PPX, (p)ppGpp causes
the accumulation of polyphosphate produced by
polyphosphate kinase PPK which, in turn, stim-

ulates protease Lon to degrade type II TA mod-
ule antitoxins. Most importantly, the activation
of 10 mRNA endonuclease TA modules inhibits
global translation and thereby induces persister
formation (39). Moreover, Lon degrades the HipB
antitoxin of the HipBA type II TA module and
hence frees the HipA toxin that inactivates
aminoacyl-tRNA synthetase GltX by phosphoryl-
ation at its active site (92, 107). The resulting ap-
pearance of uncharged tRNAs at the ribosomal A
site triggers RelA-dependent (p)ppGpp synthesis,
presumably inducing a positive-feedback loop
that causes sustained activation of the 10 mRNA
endonucleases and HipA (34). In parallel, the
mRNA endonuclease toxins limit the entry of un-
charged tRNA into the ribosome throughmRNA
degradation and can thereby control the ampli-
tude and duration of (p)ppGpp peaks via negative
feedback (108). The critical role of the “master TA
module” HipBA is highlighted by the repeated
isolation of hipBA gain-of-function alleles upon

selection for increased persister formation of
E. coli in vitro, as well as in clinical strains. These
alleles caused substantially increased levels of
persister formation (e.g., by interference with
transcriptional autoregulation of the TA mod-
ule) (18, 20, 109).

The SOS response and SOS-regulated
TA modules

Among a diverse array of functions predom-
inantly mediating DNA repair, the SOS response
of E. coli controls the activation of two type I TA
modules (tisB/istR and symE/symR), as well as
two type II TA modules (dinJ/yafQ and yafNO)
(67, 78). Whereas the SOS-dependent DNA repair
functions seem to be generally essential for the
survival of fluoroquinolone treatment (see below),
the TisB toxin was found to be additionally re-
quired for the formation of highly fluoroquinolone-
tolerant persisters by exponentially growing E. coli
(41). TisB is a small protein that forms pores in
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Fig. 3. Toxin-antitoxin modules and persister formation in E. coli.Three major pathways of persister
formation in E. coli K-12 that rely on the activation of toxin-antitoxin (TA) modules are presented in detail,
with mechanisms promoting and counteracting persister formation shown in red and blue, respectively.
The Obg/HokB pathway (A) and the polyphosphate/Lon/mRNA interferase pathway (B) are under the
control of (p)ppGpp signaling, whereas the TisB pathway (C) is activated upon strong SOS induction.
Type I toxins HokB and TisB induce persister formation by abolishing the proton-motive force (PMF) as
membrane-associated peptides,whereas the 10mRNA endonuclease type II toxins interfere with ribosomal
translation. Note that the latter pathway involves both positive feedback (via HipA) and negative feedback
(via the drop ofmRNA levels). E, P, and A denote ribosomal exit, peptidyl, and aminoacyl tRNA binding sites,
respectively; Pi, inorganic phosphate.
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the bacterial inner membrane and thereby dis-
rupts the proton-motive force that inhibits ATP
synthesis and induces dormancy (Fig. 3). Endog-
enously expressed TisB only affected tolerance to
fluoroquinolones, whereas the overexpression
of TisB caused multidrug tolerance (41). It there-
fore appears that the levels of SOS induction
achieved by random activation in exponentially
growing E. coli are insufficient to trigger TisB
expression, possibly due to the lack of a positive-
feedback loop like the one implemented byHipBA
for the formation of mRNA endonuclease per-
sisters (see above).

HokB toxin under the control of Obg
and (p)ppGpp

Obg is an enigmatic, yet essential and highly con-
served guanosine triphosphatase (GTPase) believed
to adapt ribosome functioning, DNA replication,
and stress responses to the energy status of the
cell. A recent study showed that cellular levels of
Obg determine the proportion of persister cells
in the population (40). This property of Obg de-
pended on the production of (p)ppGpp, which
caused up-regulation of the type I toxin HokB in
accord with Obg levels (40). Like TisB, HokB is a
membrane-targeted type I toxin that disrupts the
proton-motive force to impair ATP synthesis and
induce dormancy (Fig. 3) (40).

TA modules in persistence of
other bacteria

In Salmonella Typhimurium, different subsets
of the at least 5 type I and 13 type II TA modules
of this organismwere shown to promote survival
inside fibroblasts and epithelial cells, respectively

(110). Many of these TA modules were also acti-
vated by the acidic and nutrient-poor environment
in vacuoles after phagocytosis bymacrophages,
which induced the formation of a heterogeneous
set of multidrug-tolerant persisters in a manner
dependent on (p)ppGpp signaling, Lon, and diverse
type II TAmodules (Fig. 3) (15). In contrast to the
seemingly similar persister pathway ofE. coliK-12,
single TA module knockouts showed strong de-
fects in persister formation in this model, suggest-
ing that the activity of different TA modules may
be linked by some kind of regulatory mechanism
(15, 110). The notoriously persistent pathogen
M. tuberculosis encodes at least ~80 TAmodules,
of whichmany have been shown to be functional
in vivo and to differentially affect antibiotic tol-
erance or virulence in animal infection models
(90, 111–113). Though the interplay of different
TA modules in this repertoire is not understood
at the global level, the synergistic contribution of
some subsets to stress and drug tolerance under
given conditions suggests a certain degree of func-
tional specialization (112, 113).
Unlike these organisms, P. aeruginosa encodes

comparatively few easily detectable TA modules
for a generalistic organism that is obviously
adapted to highly dynamic environments [six and
eight predicted type II TA modules in strains
PAO1 and PA14, respectively (114)]. Though per-
sister levels in Pseudomonas seem to be generally
linked to the abundance of type II TA modules
(47), none of these has ever been demonstrated
to participate in persister formation. Instead, pub-
lished work suggests that P. aeruginosa largely
relies on other strategies, such as the enforced
activity of antioxidative defenses (see below)

and/or a pathway dependent on Obg but, unlike
in E. coli, lacking an obvious homolog of HokB
(40, 59). Similarly, it was recently shown that the
deletion of known TA modules in S. aureus did
not affect bacterial persistence and that persist-
ers formed by this organism exhibit decreased
levels of ATP (63). It will be interesting to see
what the molecular basis of the latter phenom-
enon is and,moregenerally,whether future studies
may uncover a role of TA modules also for per-
sister formation of P. aeruginosa and S. aureus
(possibly involving yet undetected TA loci).

Other mechanisms of
persister formation

Many factors beyond TAmodules have been pro-
posed to participate in persister formation, but
the evidence for many of these is largely genetic,
so that the phenotypic basis of antibiotic tolerance
remains elusive. As an example, mutants affected
in amino acid biosynthesis or metabolism have
repeatedly been found to display altered (usually
decreased) persister formation in diverse setups
(33, 67, 81, 101, 109). However, it is unclear whether
these phenotypes are simply caused by direct or
indirect effects on (p)ppGpp signaling by RelA or
whether other aspects of bacterial physiology are
involved. Furthermore, diverse genes of the fla-
gellar machinery have recently been implicated
in aminoglycoside tolerance, but the molecular
basis of this finding has not been resolved (102).

Inactivation of antibiotic targets
Aminoglycosides: Ribosomal translation
Aminoglycoside drugs kill bacteria by corrupting
ribosomal translation to cause the production of
toxic peptides, and drug uptake is known to re-
quire the proton-motive force (29). Ribosomehiber-
nation, the formation of translationally inactive
ribosome dimers, affects the bactericidal activity
of aminoglycosides on both levels by inhibiting
translation and consequently reducing the proton-
motive force (Fig. 4). Consistently, ribosome hiber-
nationhasbeen found tobe critical for the formation
of aminoglycoside-tolerant persisters by several
bacteria (115). Ribosome modulation factor, the
main player in the ribosome hibernation process,
is strongly expressed inE. colipersister cells, aswell
as in dormant P. aeruginosa biofilm cells (66, 84).

Fluoroquinolones: Topoisomerases and
DNA replication

Fluoroquinolone antibiotics bind to DNA gyrase
and topoisomerase IV in away that promotes the
formation of a ternary complex in which the
enzyme is locked onto its DNA substrate and co-
valently bridges a DNA double-strand break, im-
pairing DNA replication and gene expression.
The bactericidal effect of fluoroquinolones is
generally believed to be caused by the destabi-
lization of these covalent complexes to release
the free DNA ends—for example, by collision of
these “roadblocks” with DNA-tracking complexes
such as replisomes—resulting in chromosome
fragmentation (116). Because ternary complex
formation does not require enzymatic activity
of the target enzyme, fluoroquinolone tolerance
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Fig. 4. Mechanisms of persister formation beyond TA modules. Diverse mechanisms beyond TA
modules have been shown to contribute to bacterial persister formation. A nonexhaustive, exemplary set
of factors involved in respiration and energy production (A), drug efflux pumps (B), and direct inactivation
of antibiotic targets (C) are presented in this illustration. Note that mutants of complexes of the electron-
transport chain (I to IV), ATP synthase (V), and different enzymes of the TCA cycle had divergent
phenotypes in different studies or under different conditions (blue and red for increased and decreased
persister formation, respectively). A nuoNmutant (at complex I of the electron-transport chain) displayed
increased persister formation, but it is not known whether this phenotype is caused by a gain-of-function
or loss-of-function mutation (22).
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mechanisms may instead need to focus on the
DNA side of antibiotic action. Consistently, several
inhibitors of DNA replication (such as UmuDC
or CspD) have been implicated in persister for-
mation (42, 84), and (p)ppGpp itself also has
dampening effects on transcription, as well as on
DNA replication (56, 58, 117) (Fig. 4). Further-
more, the formation of fluoroquinolone-tolerant
persisters has been studied in some detail for the
carbon-source transition model (38, 73). These
persisters are induced by (p)ppGpp signaling at a
certain threshold level of this alarmone and re-
quire the transcriptional effects of (p)ppGpp and
several nucleoid-associated proteins (73). However,
the exact molecular basis of fluoroquinolone tole-
rance in this model remains unknown.

b-lactams: Peptidoglycan synthesis and
cell growth

b-lactamantibiotics poison the cell wall synthesis
machinery to induce a futile cycle of peptido-
glycan synthesis and degradation that impairs
cell wall integrity and results in osmotic lysis,
particularly of growing cells (118). Apart from
the general notion that persisters may survive
b-lactam treatment because they do not replicate,
a recent study unraveled a mechanism for the
formation of ampicillin-tolerant persisters that
links progressively increasing levels of (p)ppGpp
to a broad shutdown of peptidoglycan synthesis
(38) (Fig. 4).

Drug efflux pumps

A recent study showed that E. coli persister cells
harbor higher levels of drug efflux pumps than
the rest of the population and that these contrib-
ute to tolerance against b-lactams and quinolones
by reducing intracellular antibiotic concentra-
tions (Fig. 4) (119). The induction of efflux pumps
has also been shown to contribute to antibiotic
tolerance in other contexts; for instance, upon
infection of host cells formycobacteria (13) or as a
component of indole-triggered persister forma-
tion in E. coli (8, 82).

Oxidant tolerance

The production of reactive oxygen species (ROS)
and consequent damage to cellular macromole-
cules had been proposed as a common contrib-
utor to killing by diverse bactericidal antibiotics,
but this view has been repeatedly challenged
(29, 120, 121).Nevertheless, a study onP. aeruginosa
showed that the survival ofmultidrug-tolerant per-
sisters in biofilms of this organism was largely
dependent onROS detoxification enzymes under
the control of (p)ppGpp signaling, and similar
mechanisms may also operate in E. coli (59, 122).

Energy metabolism

A large body of evidence supports a connection
between persister formation and the electron-
transport chain, including the sources of elec-
trons from the tricarboxylic acid (TCA) cycle and
glycerol-3-phosphate dehydrogenase (GlpD) (Fig.
4). However, this notion is largely based on ge-
netic experiments that detected usually decreased,
but occasionally increased, frequencies of antibiotic-

tolerant persisters in strains carrying mutations
or insertions in genes such as glpD, ubiF, sdh,
sucB, acnB,mdh, and diverse others (22, 83, 102,
123–127). Phenotypes of decreased persistence
were often very strong, consistently observed under
diverse growth conditions, and frequently accom-
panied by increased sensitivity to a variety of
stresses, ranging from extreme pH to heat or
oxidants (123, 124). It therefore seems likely that
these mutations generally impair cellular stress
responses via metabolic deregulation, and defects
in persister formationmay be downstream of this
phenomenon.

Persister resuscitation

On top of mere tolerance to the direct action of
antibiotics, persister survival critically depends
on themaintenance of cellular integrity through-
out persistence and the resuscitation of cell func-
tions from dormancy. Persister resuscitation is
typically seen as a stochastic event that occurs
randomly in time and has been interpreted in the
context of a “scoutmodel,”where the randomness
of persister awakening allows the population to
continuously probe the environment for favorable
conditions (128). However, the frequency of per-
sister resuscitation is also influenced by resource
availability andother environmental variables such
that exposure to preferred carbon sources, for
example, can induce pronounced persister awaken-
ing (129). Molecular mechanisms underlying the
exit from dormancy have remained rather elu-
sive, with the exception of persisters formed by
the activation of type II TA modules. For these,
a specific mechanism of transcriptional auto-
regulation, conditional cooperativity, has been
suggested tomodulate the toxin/antitoxin balance
in favor of resuscitation (85, 97), and the post-
translational inactivation of toxins or the regen-
eration of corrupted targets may also contribute
(89, 130).

Repair of DNA damage

Although the repair of damaged cellular macro-
molecules after antibiotic treatment is likely a
general requirement of persister resuscitation, it
has only been studied in the context of DNA dam-
age. Two studies have shown that diverse compo-
nents of the SOS regulon are involved in the repair
of fluoroquinolone-induced DNA damage in
stationary-phase persisters of E. coli (79, 131).
Surprisingly, SOS induction caused by fluoroqui-
nolone treatment was not different between per-
sisters and nonpersisters, suggesting that the
initial effects of the drug on the nucleoid were
similar. Instead, survival of persisters depended
on the abundance and activity of the DNA repair
machinery primarily during the resuscitation
phase, and enforced repression of the SOS re-
sponse after fluoroquinolone treatment greatly
reduced persister survival (79).

Overcoming persistence

Given that endurance is the key property of per-
sisters as specialized survivor cells, it is unsurpris-
ing that their elimination is problematic for
clinical situations. However, new insights into

the central principles of persister cell formation
and tolerance have enabled a recent surge of ideas
about how to deal with the phenomenon by, for
example, enhancing drug uptake and preventing
or reversing persister formation (8). The observa-
tion that persister formation usually depends on
(p)ppGpp signaling has inspired the use of (p)
ppGpp synthesis inhibitors, such as relacin, as
adjuvant drugs for antibiotic treatment (132). Fur-
thermore, the acyldepsipeptide antibiotic ADEP4
is notable for its ability to kill persister cells, irre-
spective of their dormant physiology. ADEP4 can
enforce activation of the ClpP protease by un-
coupling it from the requirement to use ATP, there-
by subverting ClpP protease activity to target a
wide range of essential targets, such as ribosomal
proteins (133).

Concluding remarks and prospects

Recent studies shed new light on the molecular
mechanismsunderlying bacterial persistence, and—
although many details remain to be resolved—
diverse cellular pathways, including TA modules
andmetabolic rearrangements, arewell established
as mediators of persister formation. However,
important aspects of the cellular decision-making
process upstream of these mechanisms are still
unclear, particularly in the context of seemingly
randompersister formationwhere the pacemaker
of this stochasticity has remained elusive. More
specifically, the question of whether this behavior
is truly stochastic (i.e., simply following an ampli-
fication of noise) or equivalent to the induction
of persister formation by external cues experienced
by somecells in their local environment [e.g., “micro-
starvation” as a trigger of (p)ppGpp signaling (51)]
is still to be resolved. Furthermore, many open
questions persist regarding the actual basis of
antibiotic tolerance downstream of established
mediators of persister formation (i.e., regarding
those aspects that are most critical for failure or
success of clinical treatment). For example, it
remains a riddle how exactly persisters that arise
through inhibition of protein translation bymRNA
endonucleases can be protected from fluoroquino-
lones that corrupt DNA topoisomerases. Similarly,
it is currently unclear why tolerant persisters are
still slowly killed during antibiotic treatment (e.g.,
as apparent from the slope of the second phase of
biphasic killing experiments). Furthermore, the
question of which molecular mechanisms control
the timing of persister resuscitation remains to be
resolved.
One curious aspect of the research on persister

cells is the frequent lack of congruence in results
reported by different laboratories. As an example,
the persister pathway driven by (p)ppGpp, Lon,
and mRNA endonucleases in E. coli (Fig. 3) has
been the topic of some controversy. Several groups
noted that, in their hands, a lon knockout had no
effect on persister formation that could be attri-
buted to the 10 mRNA endonucleases (131, 134),
though others could readily reproduce the lon
phenotype (75, 119). Similarly, the formation of
fluoroquinolone-tolerant persisters of E. coli has
repeatedly been explicitly noted to depend on
the TisB toxin only in exponentially growing cells
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(41, 79), but recent work in the stationary phase
showedmarkedly decreased fluoroquinolone tol-
erance of a tisBmutant (75). Subtle differences in
the experimental setup probably favor the forma-
tion of persisters by different pathways (83). Clear-
ly, these discrepancies need to be resolved and
understood, both as a means to learn more about
the control of heterogeneous bacterial persister
formation and also to facilitate the development
of common concepts in the field.
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Enantioselective photochemistry
through Lewis acid–catalyzed triplet
energy transfer
Travis R. Blum, Zachary D. Miller, Desiree M. Bates, Ilia A. Guzei, Tehshik P. Yoon*

Relatively few catalytic systems are able to control the stereochemistry of electronically
excited organic intermediates. Here we report the discovery that a chiral Lewis acid complex
can catalyze triplet energy transfer from an electronically excited photosensitizer. We applied
this strategy to asymmetric [2 + 2] photocycloadditions of 2′-hydroxychalcones, using
tris(bipyridyl) ruthenium(II) as a sensitizer. A variety of electrochemical, computational, and
spectroscopic data rule out substrate activation by means of photoinduced electron transfer
and instead support a mechanism in which Lewis acid coordination dramatically lowers the
triplet energy of the chalcone substrate. We expect that this approach will enable chemists
to more broadly apply their detailed understanding of chiral Lewis acid catalysis to
stereocontrol in reactions involving electronically excited states.

T
he ability to control the stereochemistry of
organic reactions is a defining character-
istic of contemporary synthetic chemistry.
Because access to structurally well-defined
organicmolecules is important for progress

in fields of research ranging from drug discovery
to materials science, numerous chiral catalysts
have been developed to control the enantiose-
lectivity of a wide range of mechanistically di-
verse organic transformations. Photochemical
reactions, however, have long proven to be chal-
lenging to conduct in an enantioselective fashion,
particularly with substoichiometric stereocontrol-
ling catalysts (1, 2). This represents a fundamental
gap in synthetic methodology because the reac-
tivity of electronically excited organicmolecules is
distinctive and often impossible to replicate using
nonphotochemical techniques (3, 4).
Recently, a renewed interest in synthetic appli-

cations of photoinduced electron transfer (5) has
resulted in the development of several strategies
for performing highly enantioselective photocat-
alytic reactions. In general, these protocols have
involved the photochemical generation of reactive
intermediates by using an organic or transition
metal photoredox catalyst; subsequently, a second
chiral Lewis acid (6), Brønsted acid (7, 8), or
organic catalyst (9, 10) influences the stereo-
chemistry of ensuing reactions and affords highly
enantioenriched products. The key bond-forming
events in all of these photoredox reactions neces-
sarily occur via photogenerated reactive interme-
diates in their electronic ground-state configurations.
Although photoactivation provides a particularly
convenient strategy for the generation of the open-
shell radical and radical ion intermediates in-

volved in these reactions, similar reactive inter-
mediates can be generated through a variety of
nonphotochemical means (11). Stereochemical
control over the distinctive reactivity of excited-
state organic intermediates remains a largely un-
solved challenge.
The difficulty of controlling electronically ex-

cited organic molecules with exogenous chiral
catalysts is commonly attributed to the charac-
teristically short lifetimes of the former, which
arise from fast unimolecular vibrational and emis-
sive deactivation pathways that are not available
to ground-state reactive intermediates. Highly en-
antioselective catalytic reactions of photoexcited
organic substrates have only recently been reported,
using either chiral hydrogen-bonding organic sen-
sitizers (12–16) or, more recently, chiral Lewis acid
catalysts (17–20).
Wewere intriguedby this latter advancebecause

Lewisacid catalysis offersamature,well-understood
platform for asymmetric synthesis. The ability to
generalize a chiral Lewis acid strategy for excited-
state photoreactions would offer a powerful tool
for organic photochemistry. Bach and coworkers’
seminal results in this area have demonstrated
that chiral oxazaborolidines canbeused tomediate
asymmetric [2 + 2] photocycloadditions of en-
ones (17–20) (Fig. 1A). These impressive proof-of-
principle studies nevertheless rely on subtle
changes in the absorption properties of the sub-
strate that arise upon coordination to a Lewis
acid (21). High levels of enantiomeric excess
(ee) are only feasible if the catalyst-substrate
complex can be photoexcited preferentially over
the unbound, achiral substrate to minimize the
participation of racemic background reactions.
Because this approach requires a delicate balanc-
ing of the singlet excited-state properties of both
the free substrate and the chiral Lewis acid–
substrate complex (22), the range of substrates

that have been shown to date to provide high
enantioselectivities when using Bach’s chiral
oxazaborolidine strategy is somewhat narrowly
constrained to cyclic enones.
We envisioned an alternative approach inwhich

a chiral Lewis acid would serve as a catalyst for
triplet energy transfer from a racemic triplet
sensitizer. The coordination of Lewis acids to
enones can substantially perturb the energy of
their singlet excited states, a phenomenon first
documented by Lewis and colleagues several
decades ago (23, 24). The effect of Lewis acid
coordination on triplet energies, to the best of
our knowledge, has not been the subject of sim-
ilarly detailed exploration. We hypothesized that
if coordination of a Lewis acid to an enone could
produce a bathochromic shift in the energy of its
singlet excited state, the same interaction might
exert an analogous effect on its triplet state en-
ergy as well. If so, it should be possible to design
a system in which triplet energy transfer from
an appropriate sensitizer would become ther-
modynamically feasible only when a substrate
enone is bound to a chiral Lewis acid cocatalyst
(Fig. 1B).
In previous work, we have shown that chiral

Lewis acids are effective in controlling the stereo-
chemical course of reactions initiated by photo-
induced electron transfer from an electronically
excited Ru*(bpy)3

2+ photocatalyst (where the aster-
isk indicates the excited state; bpy, 2,2′-bipyridine)
(6). Among the most substantial benefits of
this two-catalyst strategy is the ability to modify
the structure of a chiral Lewis acid for optimal
stereocontrol without deleteriously affecting the
desirable photophysical properties of the sensi-
tizer. This flexibility opens photochemical syn-
thesis to the wide range of Lewis acid scaffolds
that are known to be highly effective in other
enantioselective reactions, andwe have subsequent-
ly shown that the same strategy can be applied to
a number of other reactions that exploit chiral
Lewis acid–catalyzed photoredox activation (25, 26).
We propose that this concept, when applied to
the more difficult problem of catalytic energy
transfer, can have similarly broad ramifications.
The feasibility of Lewis acid–catalyzed triplet

energy transfer was initially tested by examining
the effect of exogenous Lewis acids on photocata-
lytic reactions of 2′-hydroxychalcone (2) (Table 1).
This substrate provides an ideal model system
because the 2′-hydroxyaryl ketone moiety is pre-
disposed toward association with a variety of
Lewis acidicmetals, and because the photochemical
properties of 2 have been thoroughly character-
ized. In particular, 2 has been experimentally
shown to possess a triplet state that is 54 kcal/mol
higher in energy than its closed-shell singlet
ground state (27). This triplet energy (ET) is well
outside of the range that should be reasonably
accessible using Ru(bpy)3

2+ as a triplet sensitizer
(ET = 46 kcal/mol) (28). Indeed, an experiment in
which 2 and diene 3were irradiated with visible
light in the presence of Ru(bpy)3(PF6)2 showedmin-
imal evidence of productive photoreaction (entry 1).
But when the same reaction was conducted in the
presence of various oxophilic Lewis acid additives,
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Fig. 1. Enantioselective catalysis involving excited-state organic intermediates. (A) A prior example of enantioselective Lewis acid–catalyzed photoreaction
involving direct photoexcitation of a chiral catalyst-substrate complex. (B) Design for Lewis acid catalysis of a triplet sensitization reaction. ee, enantiomeric
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Fig. 2. Scope of the
enantioselective
catalytic [2 + 2]
cycloaddition of 2′-
hydroxychalcones.
Data reflect the aver-
aged isolated yields
from two reproducible
experiments. Diastere-
omer ratios (d.r.) were
determined by proton
nuclear magnetic
resonance (1H NMR)
analysis of the
unpurified reaction
mixture. Enantiomer
ratios were determined
using chiral supercritical
fluid chromatography
(SFC) or high-
performance liquid
chromatography
(HPLC) analysis. Details
are provided in the sup-
plementary materials.
*Irradiation was con-
ducted using a blue LED
lamp instead of a 23 W
CFL bulb (2 hours
irradiation time).
†40 hours irradiation
time. ‡Isolated as a
6:1 mixture of regio-
isomers. bpy, 2,2′-
bipyridine; t-Bu,
tert-butyl; Ph, phenyl;
Ac, acetyl; OTf, triflate;
h, hours.
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we observed the formation of [2 + 2] cycloadduct
4 in good to moderate yields (entries 2 to 5).
Control experiments indicated that the cyclo-
addition occurs only in the presence of both the
photocatalyst and the Lewis acid cocatalyst, be-
causenocycloadductwasobservedwhenRu(bpy)3

2+

was omitted or when the reactionwas conducted
in the dark (entries 6 and 7). Given the strict de-
pendence on the presence of a Lewis acid, we

speculated that a highly enantioselective reac-
tion might result from the use of a chiral Lewis
acid complex. After investigating several classes
of chiral ligands, we found that Sc(III) PyBox
complexes generally worked well as chiral Lewis
acid cocatalysts, and t-Bu-PyBox (t-Bu, tert-butyl)
(7) in particular provided promising ee (entries 8
to 10). Subsequent optimization of standard re-
action variables (29) afforded our optimized con-

ditions (entry 11), which produced cyclobutane 4
in high yields and excellent enantioselectivity.
Last, we conducted an experiment using a 2:1
mixture of (E)- and (Z)-2′-hydroxychalcone as the
substrate and found that the geometry of the al-
kene had no discernible impact on the stereo-
selectivity of the reaction, consistent with a
stepwise triplet cycloaddition (entry 12).
This reaction is a rare example of an enantiose-

lective catalytic intermolecular photocycloaddi-
tion (16) and, to the best of our knowledge, is the
only example of a highly enantioselective cyclo-
addition of an acyclic excited-state enone. Studies
exploring the synthetic scope of this transforma-
tion are outlined in Fig. 2 (30). Variation of the
b-aryl moiety of the chalcone was well tolerated.
Substrates with ortho, meta, and para substit-
uents on this ring provided excellent ee and
good yields (9 to 11). Chalcones with electron-
rich b-aryl groups participated in an uncatalyzed
background cycloaddition under compact fluo-
rescent lamp (CFL) irradiation and therefore
required irradiation with a monochromatic blue
light-emitting diode (LED; emission maximum,
450 nm) light source for optimal enantioselec-
tivities (12 to 14) (31). Heteroaryl groups were
also easily accommodated using this method
(14). Substitution of the hydroxyphenyl moiety
was tolerated (15 and 16) so long as this sub-
stituent did not interfere with the putative bind-
ing site for the chiral Lewis acid. Last, a range
of substituted and unsubstituted dienes also
provided high ee and good yields (17 to 19), and
unsymmetrical dienes offered good levels of
regioselectivity (18 and 19).
Several lines of evidence support the hypoth-

esis that this transformation involves substrate
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activation by means of energy transfer rather
than photoredox catalysis. First, Porco and
coworkers have reported that redox activation of
2′-hydroxychalcones affords [4 + 2] cycloadducts
upon reaction with dienes (32, 33), rather than
the [2 + 2] cycloadducts produced in the photo-
catalytic protocol that we have developed. No traces
of similar [4 + 2] Diels–Alder products were ob-
served under our optimized photocatalytic condi-
tions. We also independently investigated the
possibility that this reactivity was the result of
redox activation. Electrochemical characteriza-
tion rules out photocatalytic one-electron oxida-
tion as a mechanism of activation: No oxidation
features below +1.60 V [versus saturated calomel
electrode (SCE)] are observable in the cyclic voltam-
mogram of 2, either in the presence or absence of
Sc(OTf)3 (OTf, triflate), indicating that Ru*(bpy)3

2+

is too weak an oxidant (excited-state oxidation
potential, *Eox = +0.77 V) to activate the chalcone
substrate this way. We did, however, observe a re-
duction feature with a half-wave potential of –1.2 V
(versus SCE) in the cyclic voltammogram of 2 that
shifted to –0.47 V in the presence of Sc(OTf)3.
Although photoreduction of the Sc•2 complex
by Ru*(bpy)3

2+ (excited-state reduction potential,
*Ered = –0.81 V versus SCE) cannot be ruled out on
the basis of these electrochemical data, we found
that a variety of substantially less reducing Ru
photocatalysts also successfully mediated this cyclo-
addition. For example, in an experiment replacing
Ru(bpy)3(PF6)2 with its muchmore electron-deficient
analog Ru(deeb)3(PF6)2 (deeb, 2,2′-bipyridinyl-
4,4′-dicarboxylic acid diethyl ester) (20), fromwhich
photoreduction of the Sc•2 complex would be
endergonic (*Ered = –0.42 V) (34), we nevertheless

observed formation of cycloadduct 2 in 67% yield
and similar enantioselectivity (Fig. 3A).
Consistent with these results, attempts to rep-

licate the [2 + 2] reaction by using Sc(OTf)3 in
combination with a range of standard chemical
one-electron reductants failed to produce any
[2 + 2] products (Fig. 3B). Similar experiments
using chemical one-electron oxidants also did
not afford any photocycloadducts. However, if
an energy transfer process is indeed relevant to
this Lewis acid–catalyzed cycloaddition, it should
be feasible to promote the reaction by using al-
ternative triplet sensitizers. Indeed, when the
cycloaddition of 2′-hydroxychalcone 2 and diene
3was performed under 350 nm irradiation in the
presence of benzil (21; ET = ~54 kcal/mol) (35), we
observed modest yields of the desired [2 + 2]
cycloaddition product but comparable enantio-
selectivity to the Ru(bpy)3(PF6)2-catalyzed reac-
tion (Fig. 3C). Because of the high sensitivity of
asymmetric catalysis to changes in mechanism
(36), we interpret this result as strong corrobo-
rating evidence for Lewis acid–catalyzed triplet
sensitization as the operative pathway.
Last, we investigated the hypothesis that the

Lewis acid cocatalyst in this energy transfer
process serves to lower the triplet energy of the
hydroxychalcone substrate. The S0–T1 gap for
free 2 was studied computationally [B3LYP/6-
311+G(2d,p)]. These calculations gave a triplet
energy of 51 kcal/mol (Fig. 4A), in reasonably
good agreement with the reported experimental
value of 54 kcal/mol (27). The analogous com-
putation on the Sc(III) complex of 2, however,
suggested that the energy of the lowest optimized
triplet state would be dramatically lowered to
32 kcal/mol (37). This bathochromic shift of
20 kcal/mol in triplet energy upon coordination
to a Lewis acid would lie easily within a range
where triplet energy transfer from Ru*(bpy)3

2+

would be exergonic, in good accord with our de-
sign. The magnitude of the effect suggested by
the calculation, however, was unexpectedly large.
To validate these computational results, we
next investigated the emissive properties of 2 at
near–infrared (IR) wavelengths corresponding
to the predicted triplet energy. In the absence
of Sc(OTf)3, there was no observable emission
signal at wavelengths longer than 800 nm.How-
ever, when the emission study was conducted
in the presence of added Sc(OTf)3, we observed
a feature at 876 nm, corresponding to an excited-
state energy of 33 kcal/mol, in excellent agree-
ment with the computational prediction (Fig. 4B).
Moreover, the emission was partially quenched
in the presence of oxygen, consistent with emis-
sion from a triplet state.
Collectively, these studies reveal a previously

unrecognized effect of Lewis acid coordination
on the excited states of organic substrates.Wehave
found that complexation of 2′-hydroxychalcones
with Sc(III) results in a dramatic decrease in the
energy of the triplet state. Current work in our
laboratory is aimed at investigating the appli-
cability of this strategy to other Lewis basic or-
ganic substrates and other transformations, which
we hopewill enable a flexible and robust strategy
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Table 1. Optimization and control studies for Lewis acid–catalyzed enantioselective cycloadditions
of 2′-hydroxychalcone.Yields were determined by 1H NMR, using phenanthrene as a calibrated internal

standard. Enantiomer ratios were determined by chiral SFC analysis. rt, room temperature; equiv, equivalent.
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N
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Ru2+

N

OH
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6

racemic photocatalyst chiral stereodifferentiating ligand

Entry Lewis acid Ligand Note Yield ee

1 None None – <5% –
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

2 Al(OTf)3 (1 equiv) None – 70% –
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

3 Ti(OEt)4 (1 equiv) None – 29% –
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

4 Y(OTf)3 (1 equiv) None – 15% –
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

5 Sc(OTf)3 (1 equiv) None – 88% –
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

6 Sc(OTf)3 (1 equiv) None No Ru(bpy)3(PF6)2 <5% –
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

7 Sc(OTf)3 (1 equiv) None No light <5% –
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

8 Sc(OTf)3 (20 mol %) 6 (30 mol %) – 52% 0%
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

9 Sc(OTf)3 (20 mol %) 7 (30 mol %) – 64% 0%
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

10 Sc(OTf)3 (20 mol %) 8 (30 mol %) – 75% 74%
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

11 Sc(OTf)3 (10 mol %) 8 (15 mol %) 3:1 i-PrOAc:MeCN 80% 93%
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

12* Sc(OTf)3 (10 mol %) 8 (15 mol %) 3:1 i-PrOAc:MeCN 89% 93%
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

*Reaction conducted using a 2:1 ratio of (Z)- and (E)-2′-hydroxychalcone as the starting substrate.
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for catalytic enantiocontrol in a broad range of
organic triplet state reactions.
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VOLCANOLOGY

Seismic constraints on caldera
dynamics from the 2015 Axial
Seamount eruption
William S. D. Wilcock,1* Maya Tolstoy,2 Felix Waldhauser,2 Charles Garcia,1

Yen Joe Tan,2 DelWayne R. Bohnenstiehl,3 Jacqueline Caplan-Auerbach,4

Robert P. Dziak,5 Adrien F. Arnulf,6 M. Everett Mann3

Seismic observations in volcanically active calderas are challenging. A new cabled observatory
atop Axial Seamount on the Juan de Fuca ridge allows unprecedented real-time monitoring
of a submarine caldera. Beginning on 24 April 2015, the seismic network captured an eruption
that culminated in explosive acoustic signals where lava erupted on the seafloor. Extensive
seismic activity preceding the eruption shows that inflation is accommodated by the
reactivation of an outward-dipping caldera ring fault, with strong tidal triggering indicating a
critically stressed system.The ring fault accommodated deflation during the eruption and
provided a pathway for a dike that propagated south and north beneath the caldera’s east wall.
Once north of the caldera, the eruption stepped westward, and a dike propagated along the
extensional north rift.

O
n land, seismic monitoring is one of the
most widely used tools for characterizing
volcanic cycles (1). Seismic monitoring of
submarine volcanoes, which account for
≥80% of Earth’s volcanism (2), is far more

difficult because of the challenges of sustaining
long-term observations and recovering instru-
ments after an eruption (3). However, the volcanoes
that formmid-ocean ridges erupt frequently with a
uniform basaltic composition while also having
shallow magmatic systems that can be imaged
seismically at high resolution. These featuresmake
mid-ocean ridge volcanoes good targets for studies
of eruption dynamics.
Calderas are important and complex features

of many volcanoes. Most high-resolution con-

straints on the internal structure of the ring faults
forming calderas come from geological studies
of partially eroded calderas, and these have led
to a long-standing debate about their orientation
and configuration at depth (4, 5). Earthquake ob-
servations at several locations support the exis-
tence of outward-dipping ring faults (6–9), but
the only detailed seismic observation of the role
of a ring fault in an eruption of a basaltic volcano
comes from Bárdarbunga volcano, Iceland (10).
There the lateral propagation of a dike sourced
from a 12-km-deep magma chamber led to the
collapse of a subglacial caldera with slip on a
subvertical ring fault.
Axial Seamount is themost prominent volcanic

feature on the Juan de Fucamid-ocean ridge and
is formed by the intersection of the ridge with
the Cobb-Eickelberg hot spot. The summit at
1400-m depth below sea surface is characterized
by a shallow caldera measuring 8.5 km by 3 km
(Fig. 1A), which connects to rifts on the south
and north flanks that form segments of the Juan
de Fuca ridge. The caldera is underlain by a
14-km-long by 3-km-wide shallow magma and
mush body with complex structure that is up
to a kilometer thick, extends beyond both the
northern and southern limits of the caldera, and
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is slightly offset to the east (11). Diking-eruptive
events in the southeast caldera and south rift
in 1998 and 2011 were documented with seafloor
pressure sensors (12, 13) and hydrophones (14, 15).
Although earthquake migration associated with
dike propagation was observed for the 1998 erup-
tion (14), earthquake depths could not be con-
strained for these eruptions. The expectation of
future eruptions motivated the deployment in
2014 of a multidisciplinary real-time cabled ob-
servatory on Axial Seamount (16).
The cabled seismic network at the summit of

Axial Seamount (Fig. 1) spans the southern half
of the caldera, where the two prior recorded
eruptions occurred, and comprises seven seis-
mometers, two ofwhich are colocatedwith hydro-
phones and bottom-pressure and tilt sensors (17).
Seismic data are available starting in November

2014, with time-corrected data streaming from
late January 2015. In the first year of operation,
nearly 200,000 local earthquakes were detected,
and they show a temporal distribution (Fig. 2)
that is similar to prior seafloor eruptions (3, 15).
Earthquake rates increase from <500 day−1 to
~2000 day−1 leading up to the onset of the
eruption on 24 April 2015, then decrease rapidly
following the seismic crisis, reaching a back-
ground level within a month of 20 day−1.
Leading up to the eruption, the earthquakes

are strongly correlated with tides (Fig. 2), with
rates of seismicity about six times greater during
the lowest tides than the highest tides (fig. S1A).
This pattern can be attributed to the faults un-
clamping when the ocean loading is at a min-
imum (18). There is no evidence that the triggering
signal strengthens over the 5months leading up

to the eruption (fig. S2), but it weakens substan-
tially after the eruption (supplementary text and
fig. S1B), suggesting that it occurs primarily when
the volcano is critically stressed (19).
In the 3months prior to the eruption, ~60,000

earthquakes were located using double difference
methods (20). Most are small with a median
momentmagnitude (Mw) of 0.1, and only 35 have
Mw ≥ 2. Earthquakes are concentrated beneath
the east and west walls of the caldera (Fig. 1,
fig. S3, and movie S1), with about five times as
many beneath the east wall. In cross section (Fig.
1C), the earthquakes define outward-dipping
fault zones extending from near the surface to
~2-km depth. These zones dip at 60° to 70°, with
the dip decreasing slightly at shallow depths.
Many of the remaining epicenters are located
near the southern and northern ends of the
caldera and in a diffuse band of shallow seis-
micity that extends across the caldera just south
of 45°57′N at a location that coincides with the
southern boundary of the 2015 eruption (21) and
a northward transition from a melt rich to crys-
tal mush magma chamber, as it was imaged in
2002 (11). The epicenters, thus, define a figure
eight, with the southern ring more clearly de-
picted as a result of the station coverage (Fig. 1B
and fig. S3B).
For 6 hours preceding the start of the eruption,

coincident with high tide, bursts of 7- to 10-Hz
tremor are observed (Fig. 3 and fig. S4C) across
thenetwork, but arenot coherent enough to locate.
Tremor is not observed in the weeks before, or
after, the eruption, and is thus inferred to indicate
magma movement within the magma chamber
before crustal rupture. At ~04:20UTCon24April,
as the tremor ends, the rate and magnitude of
seismicity start to increase. Over about 2 hours,
the earthquake rate reaches a saturation level of
500 to 600 hour−1, and the median magnitude
increases from0.5 to nearly 2, likely indicating the
initiation of diking. At ~05:30, tilt sensors start to
detect slight deformation, with more rapid defor-
mation at ~06:15 (17), including a flip in polarity
as the seismicity suggests a dike propagation past
the central caldera station (movie S2). Bottom-
pressure signals, indicating the start of defla-
tion, were observed at ~06:00 to 06:30, with a
notable increase in rate around ~07:15 (17) (movie
S2). Seismic energy levels peak between 06:00
and 07:30 and then decrease progressively through
the day (Fig. 3).
The cumulative distribution of hypocenters for

the eruption is similar to that beforehand, with
earthquakes concentrated near the east andwest
walls (Fig. 3). Of 31 earthquakes on 24 April with
Mw > 2.5, all but one occurs on the eastern side,
where the locations show a clear temporal pattern.
Prior to 06:00 the seismicity along the east and
west walls is north of 45°57′N, with most of it,
including all earthquakes withMw ≥ 2.0, north
of 45°58′N (figs. S5 and S6). Over about 1.5 hours,
from 06:15 to 07:45, the locus of seismicity on the
east wall migrates 2.5 km south to 45°56.5′N (Fig.
3B, fig. S5, and movie S2), consistent with the
southward propagation of a dike. Up until 07:00,
the earthquakes align closely with the north-south
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Fig. 1. Locations of earthquakes and seafloor explosions. (A) Bathymetric map showing the seismic
network and colocated bottom-pressure and tilt (BPT) instruments, lava flows for the 2011 and 2015
eruptions (21), the distribution of 26,574 epicenters located with at least 12 arrival times by means of the
double-difference technique, and seafloor explosions.The caldera rim (black line), eruptive fissures (black
ticks), footprint of the magma chamber (blue solid line) (11), and depth contours for the magma chamber
at depths of 1.25 km (faint blue line) and 1.5 km (dashed blue line) below the seafloor are also shown.The
inset shows the location of Axial Seamount relative to plate boundaries (black lines) and land (black
shading) in the northeast Pacific Ocean. (B) As in (A) but for the caldera region, with symbol sizes scaled
bymagnitude of earthquakes. (C) Vertical cross section across the caldera showing the projected locations
of earthquakes within 0.5 km of the profile. Also shown is the roof of the axial magma chamber (AMC) (11).
Arrows show the edges of the caldera.
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strike of southernmost eruptive fissures (21), sug-
gesting that the fissure might be opening. After
07:00, they follow the strike of the east wall. Earth-
quakes for the remainder of the crisis occur beneath
the whole east wall and on the west wall but are
concentrated on the east wall south of the 2015
eruptive vents between 45°56.5′N and 45°57.5′N,
where they are presumably associatedwith deflation.
Starting at 08:01 on 24 April, the seismic net-

work recorded ~37,000 impulsive events (fig. S4B)
consistentwith sound sources on the seafloor that
propagate through the water column and are
detected on the seismometers as a train of re-
verberations. Unlike the earthquakes, the times
of explosions are not correlated with tides (fig.
S7). These events are spatially closely associated
with all the new lava flows (21) (Fig. 1A). The first
impulsive event was observed within the caldera
with events then commencing successively on
the flows to the north.
Impulsive acoustic signals from the seafloor

associated with active lava flows have been re-
ported from several locations (22–25) and in
deep-water locations have generally been attri-
buted to the expansion of magmatic gases in
Strombolian eruptions (24, 26). The presence
of pyroclastic ash deposits associated with the
2015 Axial eruption (21), coupled with the high
CO2 contents of some lavas from prior eruptions
(27), is consistent with the occurrence of similar
explosions at Axial. However, the lava flows are
also covered with numerous pits, which are
interpreted as small steam explosions and may
be the dominant source of explosive acoustic
signals at this location (21).
Whatever the mechanisms, the explosive sig-

nals start soon after magma reaches the seafloor
(25). The first detected explosion within the
caldera occurred within an hour of the onset of
rapid deflation, and earlier explosions may have
been missed in the noise of the seismic crisis.
The onset times on the north rift suggest that
the dike propagated at a speed of 0.55m/s (Fig. 3).
This is at the upper end of speeds observed in
Iceland, Afar, and the Gulf of Aden (28–30) and
faster than the speed of 0.23 m/s observed well
down rift for the 1998 eruption of Axial Seamount
(14) and thus is consistent with the rapid deflation
observed for this eruption (17). The summit net-
work detected no earthquakes associated with
dike propagation along the north rift, a result of
a shadowing effect from the elongated magma
chamber and high noise levels from nearby earth-
quakes. However, northward dike propagation is
supported by observations on a single seismic
station 20 km southeast of the caldera (fig. S8).
We infer that the dike started northwards around
07:15 at the outset of rapid deflation, taking
<2 hours to reach the site of the first explosion
on the north rift at 09:04. Explosions near the
northern end of the 2015 lava flows continued
until 21 May (fig. S7), which coincides with the
time the caldera started to reinflate (17), lending
further support to a mechanism that links the
explosions to fresh lava reaching the seafloor and
showing that the plumbing system of the caldera
links to the north rift dike.

The fault structure in the caldera is consistent
with analog models obtained from sandbox sim-
ulations of caldera collapse due to underpressure

(31–33), which show that with sufficient sub-
sidence, an outward-dipping ring fault forms
first, followed by a peripheral inward-dipping
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ring fault. At Axial Seamount, the outward-dipping
normal fault zones were active both during in-
flation and syn-eruptive deflation and they project
to the caldera floor ~0.75 km inward from walls
(Fig. 1C). We infer that the caldera walls are
formedby a second ring of inward-dippingnormal
faults, features that appear to be visible in seismic
images (11), that either deformed aseismically
during this volcanic cycle or were not reactivated.
The analog models predict that the outward-
dipping faults nucleate near the outer margins
of the magma chamber. The separation of the
fault zones that we observe is consistent with
the 3- to 4-km width of the magma chamber
(11), but the magma chamber is offset about 0.5
to 1 km east of the caldera. We speculate that
the magma chamber may have migrated slightly
eastwardwith theCobb-Eickelberg hot spotmelting
anomaly since the caldera formed. Comparisons
of natural calderas with analog models suggest
that the formation of two sets of ring structures
requires a ratio of caldera diameter to subsidence
less than ~14 (34). For Axial Seamount, the max-
imum height of the walls (160 m) and short- and
long-axis dimensions yield ratios of 20 and 50,
respectively.However, the calderamayhaveunder-
gone substantial magmatic infilling since its
formation, implying that the ratios may have
originally been lower.
The caldera substantially modulates the erup-

tion. The north rift intersects the center of the
north rim, but within the caldera and just to
the north, the eruptive fissures are offset 2 km
to the east (21). We infer that beneath the caldera,
a dike exited the side of the pressurized magma
chamber where extensional stresses are highest
(35) and followed a path of weakness coinciding
with the eastern ring fault zone (Fig. 4). The south-
ward migration of earthquakes and change in
the north-south tilt signal at the caldera center (17)
(movie S2) are consistent with the propagation of

a dike that stalled upon reaching the northern
limit of the 1998 and 2011 eruptions. Almost
certainly at the same time, when the seismic noise
levels were too high to detect earthquakes outside
the network, the dike also propagated north,
essentially extending the trend of the Axial south
rift. Once north of the caldera, but still within the
footprint of the Axial magma chamber, diking
stepped westward into the extensional north rift,
forming a second dike (Fig. 4). Although we
cannot rule out that a single westward-stepping
dike generated both the eruptions along the east
wall of the caldera and the eruptions along the
north rift (21), we prefer a model with two dikes
tapping separate sections of the magma cham-
ber. The eruption of north rift lavas with more
evolved compositions (lower MgO) compared to
the eastern caldera flows (21) is consistent with
the dikes feeding these flows being sourced from
different portions of the magma reservoir (Fig. 4),
and the distribution of eruptive fissures and lava
flows (Fig. 1A) are consistent with an overlapping
spreading center. Injection of magma into the
outward-dipping ring fault can be accommodated
by the subsidence of the central block, but broadly
distributed subsidence associated with deflation
will increase horizontal compressive stresses above
the caldera. This likely explains why the caldera
eruption was limited in volume and most of the
magma was injected along the rift (21).
At time scales on the order of a year, eruptions

at Axial Seamount appear to be predictable based
on a critical level of inflation (16). Similarly, it is
clear from this study and prior work (3, 14, 19)
that high and increasing microearthquake rates
and strong tidal triggering also foreshadow erup-
tions on mid-ocean ridges. On shorter time scales
of days to weeks, it is not clear if there are notable
geophysical precursors. The 2015 Axial eruption
was not preceded by a short-term increase in tidal
triggering (fig. S2), and earthquake rates decreased

noticeably in the 2weeks beforehand (Fig. 2). The
only precursor appears to be tremor observed a
few hours ahead of the seismic crisis (Fig. 3A). For
future eruptions at Axial, the development of the
hydrothermal portion of the cabled observatory
(16) will provide additional tools to search for
precursory signals originating near the magma-
hydrothermal interface.
The 2015 eruption of Axial Seamount bears

many similarities to diking events on both sub-
marine (3, 14, 15, 25, 30) and subaerial (10, 28, 29)
spreading centers, although in areas of thicker
lithosphere, rifting episodes lead to larger earth-
quakes and often involve multiple dikes (28–30)
because themagma chambermust refill multiple
times to accommodate the spreading (36). On
land, in Iceland and Afar, the combination of
seismic and geodetic data shows that the prop-
agation of dikes over tens of kilometers is ac-
companied by subsidence above a deflating crustal
magma chamber (10, 28, 29) and at Bárdarbunga
volcano by the collapse of a caldera (10). Because
the Axial seismic network is compact and the ring
faults are shallow, we are able to show that the
outward-dipping inner ring fault also accommo-
dates inflation prior to eruption. At Bárdarbunga
volcano (10) and several other calderas (37), col-
lapse occurs well after the onset of magma with-
drawal, but at Axial, the onset of deflation and
seismicity are coincident, supporting the infer-
ence that the dynamics of calderas are influenced
by the depth of the magma chamber and the
strength of preexisting ring faults (37).
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Inflation-predictable behavior and
co-eruption deformation at
Axial Seamount
Scott L. Nooner1* and William W. Chadwick Jr.2

Deformation of the ground surface at active volcanoes provides information
about magma movements at depth. Improved seafloor deformation measurements
between 2011 and 2015 documented a fourfold increase in magma supply and
confirmed that Axial Seamount’s eruptive behavior is inflation-predictable, probably
triggered by a critical level of magmatic pressure. A 2015 eruption was successfully
forecast on the basis of this deformation pattern and marked the first time that
deflation and tilt were captured in real time by a new seafloor cabled observatory,
revealing the timing, location, and volume of eruption-related magma movements.
Improved modeling of the deformation suggests a steeply dipping prolate-spheroid
pressure source beneath the eastern caldera that is consistent with the location of
the zone of highest melt within the subcaldera magma reservoir determined from
multichannel seismic results.

S
uccessful volcanic eruption forecasting is
traditionally based on short-term (minutes
to hours) increases in seismicity, surface
deformation, or both during the time that
magma is already moving toward the sur-

face (1, 2). Successful forecasts made days to
weeks in advance are much rarer because the
patterns of geophysical signals are generally not
clear or repeatable enough. However, some notable
successes at volcanoes such as Mount St. Helens
and in Iceland have been documented (3, 4). Sev-
en months in advance of an April 2015 eruption
at Axial Seamount, we made a successful forecast
that it would occur within a 15-month time win-
dow, on the basis of long-term deformation mon-
itoring. The deformation measured during the
2015 eruption also provides important constraints
on the location and depth of magma reservoirs
and conduits.

Axial Seamount is a heavily instrumented sub-
marine volcano that is part of the Ocean Ob-
servatories Initiative (OOI) Cabled Array (5, 6).
Axial Seamount is distinguished from other sub-
marine volcanoes in that it has a long-term vol-
cano deformation time series that spans three
eruptions. A combination of bottom pressure
recorders (BPRs) and mobile pressure recorders
(MPRs) (7–11) providedmeasurements of vertical
deformation from 2000 to 2015. Both methods
use changes in the overlying water pressure to
detect vertical displacements of the seafloor with
a resolution of ~1 cm. BPRs record continuously
to capture sudden events (such as eruptions)
over minutes to days, but these instruments are
not ideal for longer-termmeasurements because
of sensor drift. MPR campaign-style surveys re-
quire a remotely operated vehicle (ROV) to de-
ploy the instrument at seafloor benchmarks (fig.
S1) and, after correcting for sensor drift, can
document gradual deformation over months to
years (9, 10). MPR data can constrain BPR drift
where the two are colocated. Autonomous, battery-
powered BPRs have been used at Axial since the
mid-1980s (12, 13) and, in September 2014, theOOI

Cabled Array began providing real-time data from
three BPR-tilt instruments (5, 6). At the time of
the 2015 eruption, three autonomous BPRs, three
cabled BPRs, and 10 MPR benchmarks were de-
ployed at Axial (Fig. 1 and fig. S2).
After the 2011 eruption at Axial Seamount (14),

a time- or inflation-predictable model was pro-
posed in which the volcano erupts at or near a
threshold level of inflation (15, 16). The 2015
eruption provided a test for this model and its
usefulness in forecasting. The average linear
rate of inflation measured at the caldera center
between 2000 and 2010 was 15 ± 0.2 cm/year
(Fig. 2), with higher ratesmeasured in themonths
after the 1998 eruption and before the eruption in
2011 (14). After 2011, we initially expected the next
eruption to occur in 2018 if the pattern of de-
formation repeated itself (14). However, from
continued monitoring we found that the rate of
inflation increased substantially after the 2011
eruption. We observed that the average inflation
rate at the caldera center was 61 ± 1.4 cm/year
between August 2011 and September 2013 (Fig.
2). A marked increase in the magma supply may
explain the fourfold increase over the 2000–2010
inter-eruption rate (11). Continuation of this high-
er rate of inflation during 2013–2014 was observed
after aMonterey BayAquariumResearch Institute
autonomous underwater vehicle (AUV) collected
repeat high-resolution bathymetry (17) and with
data recovered from a prototype self-calibrating
BPR (18) inAugust 2014. Thus, in September 2014,
we revised our forecast that Axial would erupt
sometime during 2015 (19, 20). The expected erup-
tion began on 24 April 2015, detected in real time
by the OOI Cabled Array (21).
This long-term forecast was unusually success-

ful for any volcano (1, 2). The level of inflation as
the 2015 eruption began was only 30 cm higher
than in 2011 (Fig. 2). This observation supports
the model of a pressure threshold in the shallow
magma reservoir above which diking events are
triggered, but it also suggests that the threshold
may increase with time because of accumulating
tectonic stress, as observed in Iceland and Ethi-
opia (22, 23). Nevertheless, the volcanic system at
Axial may be unusually repeatable due to the
continuous magma supply and the thin ocean
crust in amid-ocean ridge setting. The increase
inmagma supply rate documentedby the inflation
data led to a marked decrease in the eruption
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recurrence interval (1998–2011 versus 2011–2015),
as well as a change in lava composition erupted
at the summit (24).
Pre-eruption inflation changed abruptly to co-

eruption deflation at ~06:00 on 24 April 2015
(all times GMT), more than an hour after seis-
micity began to increase (21), due to magma
intruding out of the summit reservoir (fig. S4).
The 2015 eruption extended >20 km from the
northeastern edge of the caldera and along the
north rift zone (24), in contrast to the last two
eruptions, which were on the south rift (25, 26).
The total subsidence at the caldera center was
similar in 2015 and 2011 (–2.45 and –2.43 m,
respectively), which suggests that roughly the
same volume of magma was removed from the
magma reservoir. However, the rate of deflation
was noticeably higher in 2015 than in 2011. For
example, the total subsidence in the first 24 hours
amounted to –2.22 m in 2015 (91% of the total),
compared with only –1.57 m in 2011 (65% of the
total). In 2015, the rate of deflation decreased
quasi-exponentially until 5 May and was followed
by a transitional period of alternating minor in-
flation and deflation until 19 May, when rapid re-
inflation resumed (fig. S5). Thus, the deflation
lasted much longer in 2015: 25 days compared
with only 6 days in 2011. Notably, this is similar
to the duration of the impulsive seismoacoustic
events detected on the north rift zone (21) that
could be interpreted as steam explosions during
lava flow emplacement (24).
We captured co-eruption deformation during

the submarine dike intrusion and eruption with
in situ tiltmeters at two sites on the OOI Cabled
Array (11). The tilt signals can be closely related
to the seismicity generated by the initial dike
intrusion (21). Tilt magnitudes and directions
began to change at 05:25 (Fig. 3), soon after the
seismic crisis began. At this time, most of the
earthquakes were located beneath the north-
eastern edge of the caldera (21), where the dike
intrusion initiated and the southernmost erup-
tive fissures are located (24). Between 06:00 and
08:00, the earthquakes propagated 3 to 4 km
southward along the eastern edge of the caldera.
The tilt signals changed substantially (Fig. 3) dur-
ing this time period in a way that is consistent
with a dike intruding southward but not reach-
ing the surface in this area (21).
We observed>100microradians (mrad) of down-

ward tilt toward the south in ~1 hour, which then
abruptly reversed at 07:10 (Fig. 3A) in the central
caldera tiltmeter [Axial caldera center (AXCC)]
record. This behavior is consistent with modeling
of lateral dike propagation past the instrument
(27), because the tilt component parallel to the
direction of dike propagation (north-south at Ax-
ial) is most sensitive to the lengthening of the
dike. The initial tilt is in the direction of dike
propagation, and the reversal in tilt direction
occurs when the dike tip passes the tiltmeter. At
the same time, the east-west component of the
AXCC tiltmeter also reversed direction from slow
eastward tilt (toward the dike axis) to a rapid
westward tilt (away from the dike axis) (Fig. 3, A
and B). Dike modeling (27) shows that the tilt

component perpendicular to the dike axis (east-
west at Axial) ismost sensitive to the depth to the
top of the dike, and the initial tilt is downward
toward the dike axis, which reverses to tilt away
from the dike axis when the top of the dike nears
the surface. This tilt record suggests that the dike
propagated to the south for 3 to 4 km before

stalling out and continuing to the north along
the north rift zone.
We observed several large and nearly instan-

taneous easterly jumps in tilt magnitude between
06:13 and 07:10 from the eastern caldera tiltmeter
[Axial eastern caldera (AXEC)] located closer to
the dike axis. By 07:10, the net tilt amounted to
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>1000 mrad before it reversed and started grad-
ually decreasing (Fig. 3, C and D). In contrast to
the AXCC tiltmeter, which recorded smoothly
varying tilt signals, we interpreted the large sud-
den offsets in the AXEC tilt record as either in-
elastic deformation (perhaps cracking or faulting
near the dike axis) or slight movements of the
instrument caused by earthquake shaking dur-
ing the peak of the seismic swarm. This makes
the AXEC tilt signals more difficult for us to
interpret in the context of dike models. How-
ever, after 08:00, both tilt records were again
smooth and became dominated by deformation
due to the ongoing deflation rather than from
the dike intrusion (fig. S6).
We used the MPR results from September

2013 to August 2015 for the net vertical dis-
placement at seafloor benchmarks in and near
the summit caldera to model the source of the
inflation and deflation signals (Fig. 1). This time
period includes some pre-eruption inflation, the
co-eruption deflation, and some post-eruption re-
inflation (Fig. 2). The 10 MPR stations in 2015,
compared with only 6 in 2011, provided better
constraints for ground deformation models. We
fit the MPR data from all 10 MPR stations to a
suite of models, including a point-source (28), a
penny-shaped sill (29), and a prolate spheroid
(30) (figs. S7 to S9 and table S1). The best-fitting
source for the 2013–2015 time period ðc2reduced ¼
34:2Þ is a prolate spheroid with the major axis
dipping at 77° in the direction of 286°, with major
and minor axes of 2.2 and 0.38 km, respectively,
and a depth to center of 3.81 km (Fig. 4 and fig.
S8). The fit of the observed data to this model is
much better than the fit to previous sill or point-
source models (9, 10, 14).

The best-fitting deformation source for the
inter-eruption period between the previous MPR
surveys (an inflation-only period with data from
six stations from July 2011 to September 2013)
is very similar, a steeply dipping prolate spheroid
with the major axis dipping at 75° in the di-
rection of 290°, major and minor axes of 2.2 and
0.33 km, and a depth of 3.77 km (fig. S7). We
suggest that the source of the deformation is the
same for time periods dominated by inflation or
deflation. The location of the 2013–2015 source is
east-southeast of the caldera center, but its steep
dip to the west-northwest causes the maximum
uplift or subsidence to be observed near the cal-
dera center (Fig. 4). The prolate spheroid shape
approximates a nearly vertical conduit, and the
location of its top (at 1.6 km depth beneath the
eastern edge of the caldera) is almost the same

as the shallowest part of the magma body imaged
by multichannel seismic (MCS) surveys (31). The
southern half of the caldera was also where the
MCS data showed the highest percentage of melt,
interpreted as the locus of magma supply from
the underlying hot spot (31). The eastern edge of
the caldera was the source area of the dikes that
fed the 2015 eruption (21, 24), as well as the two
previous eruptions (25, 26). The best-fitting de-
formation model does not necessarily show the
geometry of the entire magma body, which is
approximated by a horizontal ellipsoid underlying
the caldera from MCS data. The deformation
model instead shows where the greatest volume
change occurred during inflation and deflation.
Inflation and deflation at Axial Seamount appears
to be concentrated in a nearly vertical conduit
that feeds the high-melt core of the magma body
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imaged by Arnulf et al. (31), and the surrounding
mush zones of the magma body have less of an
influence on surface deformation.
To calculate the volume of magma removed

from the subcaldera reservoir during the 2015
eruption, we used the prolate spheroid source
parameters obtained from modeling the 2013–
2015 MPR data to solve for the volume change
due to the co-eruption subsidence only (11), as
recorded by BPR instruments at five locations
(fig. S9 and table S1). The volume change was
2.88 × 108 m3, which is 1.95 times the volume
of lava erupted in 2015 (24). This implies that
1.40 × 108 m3 of magma was in the dike that
intruded along the north rift zone. The length
of the dike was ~24 km from seismicity and the
location of 2015 eruption sites (21, 24), so with

an average dike height of 2 to 3 km, as was
assumed for the previous eruptions at Axial (14),
the required dike thickness would be 2 to 3 m
to match the estimated dike volume. This is
much greater than the 1-m dike thickness from
similar calculations for the 1998 and 2011 erup-
tions. A thick dike could explain the high de-
flation rate and the longer duration in 2015
compared with 2011. Axial did not have an erup-
tion on its north rift zone in decades or more,
whereas at least the last three eruptions have
been on the south rift zone (32). Larger accu-
mulated extensional stress on the north rift
may have resulted in the intrusion of a wider
dike that accommodated a higher rate of mag-
ma transport from the summit reservoir and
took longer to solidify (22, 33, 34). Inflation re-

sumed as soon as co-eruption deflation stopped
(Fig. 1), with 33 cm of uplift at the caldera cen-
ter from the 25 August 2015 MPR survey and
another 80 cm as of 19 May 2016 from OOI data,
indicating that more than one-third of the mag-
ma volume lost in 2015 was recovered in the
first year (table S1).
We successfully forecast the 2015 eruption of

Axial Seamount from seafloor deformation data
and captured the eruption in real time from tilt
and pressure instruments on the OOI Cabled
Array. The tilt data showed that the dike ini-
tially propagated 3 to 4 km south before stalling
out and continuing to the north, consistent with
the seismic data (21). Improved modeling of the
magma source for the eruption revealed a steep-
ly dipping magma conduit beneath the eastern
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distance (R) from the model centroid, comparing data (red crosses; data are mean ± SD) and model calculations (blue squares).
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caldera, in agreement with the location of a high-
melt zone from recent seismic results (31). Uplift
rates have gradually decreased with time since
the 2015 eruption, so it is unclear whether the
higher magma supply rate evident from 2011–
2015 will continue. If reinflation continues at
~60 cm/year, the next dike intrusion could occur
as early as 2019 but will occur later if the in-
flation rate slows or if higher tectonic stresses
from previous dike intrusions need to be over-
come (22). Variations in the magma supply rate
complicate forecasts but may be at least partial-
ly explained by a deeper magma body hydrau-
lically connected to the shallow magma reservoir
(35). These complexities could be overcome using
a generalized time-predictable model after several
more eruption cycles have been observed (16).
However, for the first time, we will be able to
continuously update the next eruption and/or in-
trusion forecast for Axial Seamount with real-time
data from the OOI Cabled Array.
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GEOCHEMISTRY

Large gem diamonds from metallic
liquid in Earth’s deep mantle
Evan M. Smith,1* Steven B. Shirey,2 Fabrizio Nestola,3 Emma S. Bullock,4

Jianhua Wang,2 Stephen H. Richardson,5 Wuyi Wang1

The redox state of Earth’s convecting mantle, masked by the lithospheric plates and basaltic
magmatism of plate tectonics, is a key unknown in the evolutionary history of our planet.
Here we report that large, exceptional gem diamonds like the Cullinan, Constellation, and Koh-i-
Noor carry direct evidence of crystallization from a redox-sensitive metallic liquid phase
in the deep mantle.These sublithospheric diamonds contain inclusions of solidified
iron-nickel-carbon-sulfur melt, accompanied by a thin fluid layer of methane ± hydrogen, and
sometimesmajoritic garnet or former calcium silicate perovskite.Themetal-dominatedmineral
assemblages and reduced volatiles in large gem diamonds indicate formation under metal-
saturated conditions.We verify previous predictions that Earth has highly reducing deep
mantle regions capable of precipitating a metallic iron phase that contains dissolved carbon
and hydrogen.

E
arth has a metallic liquid outer core, and
it has been predicted from theory and ex-
periments that the deep mantle could pre-
cipitate iron alloys. The presence of such
metallic iron phases, especially in high

enough abundance, would have profound effects
on the physical and chemical properties of Earth’s
deep mantle. However, the inaccessibility of the
deep Earth makes it challenging to observe. Up-
welling mantle regions melt adiabatically, pro-

ducing prolific basaltic volcanism and silicate
mantle residues, both of which appear too oxi-
dized to have originated from a deeper region
of metal saturation. Thus, physical evidence for
such reducing regions—essential for understand-
ing mantle evolution—has been virtually absent.
Wehave identified a genetically distinct diamond

population that samples these metal-saturated
regions of Earth’s mantle. These diamonds are
typified by the 3106-carat (1 carat = 0.2 g) Cul-
linan diamond and are almost always classified
as type II, referring to their minimal nitrogen
content (<5 to 20 parts per million). More spe-
cifically, diamonds that are Cullinan-like tend
to be large, inclusion-poor, relatively pure, ir-
regularly shaped, and resorbed (1–3). Combining
the traits into an acronym leads us to term them
CLIPPIR diamonds to distinguish them from
other populations of diamond, especially other
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varieties of type II diamonds lacking these fea-
tures (2, 4).
Examination of 53 CLIPPIR diamonds with

inclusions shows that a magnetic, metallic in-
clusion is the most common trapped material
(Fig. 1 and fig. S1), appearing as the only inclusion
in 38 of the 53 diamonds. Similar inclusions have
beenmistakenly identified as graphite on the basis
of appearance (1, 2) because they are camouflaged
by prominent graphitic decompression cracks.
Five metallic inclusions from the 38 diamonds
were exposed by polishing for chemical micro-
analysis (Fig. 2). We found a multiphase assem-
blage composed primarily of cohenite [(Fe,Ni)3C],
an interstitial Fe-Ni alloy, iron sulfide (pyrrhotite)
segregations, and some more minor accessory
phases (Fe-phosphate, Cr-Fe-oxide, and Fe-oxide)
(Fig. 2 and table S1). X-ray diffraction confirms
the identification of the carbide as cohenite (5).
Small amounts of graphite occur at the diamond-
inclusion interface and the fractures radiating
from inclusions. We detected a thin fluid jacket
of CH4 around most of the inclusions by Raman
spectroscopy (5). In 13 samples, H2 was also de-
tected, accompanying intense CH4 signals (Fig. 1).
Taking these observations together, we interpret
the inclusions as former Fe-Ni-C-S melt with
minor dissolved H, P, Cr, and O, indicating a
reducing environment.
The remaining 15 diamonds contain inclusions

of silicate minerals from a high-pressure origin,
such as Cr-poor majoritic garnet (5) and CaSi-
perovskite (CaPv) inverted to lower pressure
phases (figs. S2 and S3). Some of these silicates
also have coexisting metal and CH4 ± H2 fluid
trapped in the same inclusion (figs. S2, S3, and
S4).We therefore infer that these silicate inclusion
assemblages were trapped under similar reducing
conditions as the metal-only population at min-
imum pressures of 12 GPa (360 km depth). The
presence of garnet precludes a deeper origin than
750 km because of the maximum stability of the
mineral in eclogite (6, 7). These constraints suggest
that CLIPPIR diamonds may form within the
mantle transition zone at 410 to 660 km depth.
The rare previous reports of various native

Fe, Fe-Ni, and Fe-carbide inclusions in diamond
were interpreted as unusual and isolated occur-
rences (8–10). Though such inclusions are indic-
ative of reducing conditions, these reports have
fallen short of establishing systematic genetic
relationships. The physical characteristics of these
previously studied diamonds, and the textures
and mineral assemblages of their metallic in-
clusions, are distinctly different from those of
CLIPPIR diamonds.
We did not observe wüstite or ferropericlase—

normal products of carbonate reduction reactions
(11)—in the assemblage, which rules out previous
models proposed for other sublithospheric dia-
monds (12). Instead, multiple lines of evidence
support amodel of diamond growth frommetallic
liquid. Previous experiments have demonstrated
diamond growth from a Fe-Ni-C-S melt, which
solidifies to a Fe-carbide, Fe-Ni alloy, sulfide,
and graphite assemblage that mimics the natu-
ral Fe-Ni-C-S inclusions in CLIPPIR diamonds

(13). The preserved CH4 andH2 characteristic of
CLIPPIR diamonds are likewise observed in syn-
thetic diamonds grown in molten Fe-Ni alloy. In-
clusions in synthetic diamonds are often carbides
or other alloys with fluid CH4 and H2 from
hydrogen inadvertently dissolved in the metallic
liquid (14). In general, a metallic liquid is a
favorable medium for growing large diamonds
such as CLIPPIR diamonds, with few inclusions
and little or no chemical zonation, because the
carbon supply is well buffered and carbon dif-
fuses rapidly (13).
The growth of large diamonds (>5 cm) in the

mantle might be accommodated by a liquid
pocket that provides the unobstructed space
necessary at deep mantle pressure. The high
temperature of the sublithospheric mantle could
enhance dislocation mobility, allowing forma-
tion of the dislocation networks commonly seen
in CLIPPIR diamonds (5). The characteristically
lownitrogen content in CLIPPIRdiamondsmight
also be explained by N partitioning into themetal
(4) or high-pressure mantle nitride phases (15).
The mantle likely becomes more reducing

with depth, and thus capable of Fe-Ni precip-
itation (16). This hypothesis is supported by
multiple lines of theoretical and experimental
evidence suggesting Fe-Ni metal saturation below
250 ± 30 km (17–21). The increasing stability of
Fe3+ in subcalcic pyroxene, majoritic garnet, and
eventually (Fe,Mg)SiO3 (bridgmanite) with pres-
sure causes progressive disproportionation by the
reaction 3Fe2+ → 2Fe3+ + Fe0. Whereas Fe3+ is
maintained within the silicates, Fe0 exsolves as a
stablemetallic phase. The reduction of the liquidus
temperature from the dissolution of C and S into
the metallic phase allows it to be fluid at mantle
conditions (21).
We suggest that the Fe-Ni-C-S melt inclusions

reported here are samples of this metallic liquid.
Themetallic inclusionsmay be direct evidence of
charge disproportionation and the resulting limited
activity of oxygen in the transition zone. These
redox conditions may be widespread and per-
sistent through time, given that CLIPPIR dia-
monds are found in kimberlites from different
continents with emplacement ages spanning
at least 1 billion years. For example, the Cullinan
diamond was recovered from the 1.18-billion-
year-old Premier kimberlite in South Africa (22),
whereas several of our specimens come from
the 90-million-year-old Letseng kimberlite in
Lesotho (1).
Dissolved carbon must reach supersaturation

to crystallize diamond from a metallic liquid at
compositions in which diamond is the liquidus
phase. In a purely Fe-C system, the increase in
liquidus temperature with increasing pressure
outpaces mantle geotherms and suggests that a
C-rich metallic melt may intersect the liquidus
and begin crystallizing diamond if it is trans-
ported downward (23). An alternativemechanism
that could trigger C crystallization is a change
in the melt composition, such as an increase in
S concentration (24) or a decrease in Fe content.
Direct assimilation of introduced C and other
minor components such as H and O, perhaps

during subduction, could also drive diamond
crystallization at deeper levels in the mantle. As
diamond growth proceeds within the metallic
liquid, occasional droplets of the Fe-Ni-C-S melt
are included, as shown by the CLIPPIR metallic
inclusions.
Other aspects of the CLIPPIR suite of diamonds

and their metallic inclusions potentially con-
strain the host rock for the metallic liquid, sug-
gest a storage capacity for other volatiles, and
lend insight into carbon subduction. Themodest
Ni/Fe ratios of the metal, though also a function
of oxygen fugacity, suggest either a lower mantle
origin or an association with subducted eclogite,
because they are too low to be derived frommore
Ni-rich upper mantle peridotite (21). The abun-
dance of CaPv, sometimes with a CaTiO3 com-
ponent, and the presence of Cr-poor majoritic
garnets support an association with subducted
eclogite at the depth of the transition zone or
uppermost lower mantle (Fig. 3).
Variably light carbon isotopic compositions

measured in seven of the CLIPPIR diamonds
range in d13C from –26.9 to –3.8 permil (table S2),
consistent with the similarly large range of values
observed in eclogitic diamonds and one previous
study of type II diamonds (25). Such isotopically
light compositions are thought to result from the
recycling of crustal carbon. Intuitively, one might
consider eclogite to be too oxidized to permit the
precipitation of an iron liquid, but at depth, sub-
ducting eclogite can be comparable to or better
thanperidotite at generatingmetallic iron (5,26,27).
In an eclogite host, mantlemetals should remain in
small, isolated intergranular pockets (21), but
localized rock deformation associated with con-
vection can encouragemetal segregation (28) that
could further localize strain. Interconnectivity and
agglomeration of the metallic liquid may be es-
sential for efficient C scavenging and, ultimately,

1404 16 DECEMBER 2016 • VOL 354 ISSUE 6318 sciencemag.org SCIENCE

100 µm

CH4

H2

CH4 peak

300029002800

2916 H2 peaks

4000 4100 4200

4154
41604142

4125

Raman shift (cm-1)

Fe-Ni-C-S 
inclusion

Fig. 1. Representative Fe-Ni-C-S melt inclusion.
Ramanmaps showCH4 andH2 concentrated at the
inclusion nucleus, with warmer colors representing
higher intensities (sample 100517599181). Equal ver-
tical scaling is applied toboth theCH4andH2spectra.
The vertical axis is intensity in arbitrary units.

RESEARCH | REPORTS



diamond growth. Partitioning of Ni, C, S, P, H,
and other elements from the eclogite into the
metal would accompany the creation of a liquid
metallic iron alloy (24).

The common occurrence of cohenite in these
inclusions shows that Fe-Ni metal can dissolve
substantial C, supporting a role of Fe-Ni metal in
reduced portions of themantle in the deep carbon
cycle (24, 29). Furthermore, the growth of CLIPPIR
diamonds themselves indicates that the metal
can facilitate extreme local excesses of pure C
in the transition zone or deeper mantle. A high
solubility of H in the high-pressure liquid metal
is confirmed by hydrogen in the Fe-Ni-C-S in-
clusions, which suggests that metallic Fe-Ni may
also contribute to the deepEarth hydrogen budget.
In this regard, the storage and cycling of any
element that is soluble in the metallic liquid
merit consideration. Furthermore, if present in
high enough concentrations in mantle rocks,
Fe-Nimetallic liquid could affectmantle rheology.
It might act as a weak phase, like ferropericlase in
the lowermantle, that accommodatesmore strain
than neighboring strong phases and leads to
shear localization (30).
Our observations verify and further constrain

the prediction that the mantle has regions that
are reducing enough to precipitate iron alloys.
We know that there must be large variations in
the redox conditions of the mantle, given the con-
trast between Earth’s Fe-Ni core and the oxidized
silicate lithosphere. These direct, diamond-based
observations of regionallymetal-saturated condi-
tions in the upper mantle imply similar reducing
conditions elsewhere in the mantle. Previous ex-
periments and theory suggest comparably reduc-
ing conditions in the D′′ layer, within large low
shear-wave velocity provinces, at higher levels
in the lower mantle, and in the transition zone
(16, 17, 19–21, 27, 29, 31). The presence of metal has

implications for the seismic velocity, thermal and
electrical conductivity, rheology, and volatile ele-
ment cycling in Earth’s deep mantle (16, 29, 32).
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Fig. 3. Model of CLIPPIR diamond formation.
Formation of metallic iron proceeds in subducting
eclogite by disproportionation. Metal segregation
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in the transition zone.The liquid metal composition
evolves to Fe-Ni-C-S, also dissolving P and H. Dia-
mond crystallization occurs within metallic liquid
pockets, likely in the pressure range of 12 to 25GPa.
PocketwallsbecomeasiteofCaSi-perovskite (CaPv)
crystallization, where it can be included in diamond.
Carbon saturation is achieved by increasing pres-
sure, assimilating further C, or anothermechanism
such as increasing S content. After growth, dia-
monds are physically separated from the growth
environment andmaybe transported and entrained
by a kimberlite eruption.

Fig. 2. Scanning elec-
tron microscopy x-ray
maps of Fe-Ni-C-S
melt inclusions.
(A and B) Cohenite
[(Fe,Ni)3C] (green) is
surrounded by intersti-
tial Fe-Ni alloy (pink)
and segregations of
Fe-rich sulfide (teal),
likely pyrrhotite.
Detailed Ni, Fe, and C
maps for the dashed
area in (B) show that
the cohenite is rela-
tively Ni-poor but
Fe- and C-rich. (C)
Fe-phosphate bleb
within sulfide and a
large cohenite grain (no
Fe-Ni alloy intersected).
The samples shown are
Letseng_889, inclusion
E (A); Letseng_890,
inclusion A (B); and
OC2, inclusion D (C).
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INDUCED SEISMICITY

Fault activation by hydraulic
fracturing in western Canada
Xuewei Bao and David W. Eaton*

Hydraulic fracturing has been inferred to trigger the majority of injection-induced
earthquakes in western Canada, in contrast to the Midwestern United States, where
massive saltwater disposal is the dominant triggering mechanism. A template-based
earthquake catalog from a seismically active Canadian shale play, combined with
comprehensive injection data during a 4-month interval, shows that earthquakes are
tightly clustered in space and time near hydraulic fracturing sites. The largest event
[moment magnitude (MW) 3.9] occurred several weeks after injection along a fault that
appears to extend from the injection zone into crystalline basement. Patterns of seismicity
indicate that stress changes during operations can activate fault slip to an offset distance
of >1 km, whereas pressurization by hydraulic fracturing into a fault yields episodic
seismicity that can persist for months.

T
he rate of earthquakes induced by fluid
injection from oil and gas operations in
parts of North America has surged in recent
years (1, 2). In many areas, this increase is
primarily associatedwith high-rate injection

of large volumes of saltwater into porous rock
formations (3–5). However, the United States,
United Kingdom, and Canada each have well-
documented earthquakes induced by hydraulic
fracturing of low-permeability shale formations,
with reported moment magnitudes (MW) ranging
from 2.0 to 4.6 (6–9). Seismicity triggered by hy-
draulic fracturing appears to be strongly localized.
In western Canada, for example, induced seismic-
ity of MW ≥ 3 is associated with only ~0.3% of
hydraulically fractured wells (2).
Although we understand the basic principles

of injection-induced seismicity (10, 11), critical
details remain incomplete concerning activation
of rupture on a fluid-pressurized fault. For mas-
sive saltwater injection into a permeable layer, we
believe the primary triggering mechanism is an
increase in pore pressure within an expanding
subsurface volume, which tends to destabilize pre-
existing faults by shifting stress conditions into
the shear-failure regime (1, 10). The fault-activation
process is less clear in the case of hydraulic frac-
turing, where injection usually occurs within a
highly impermeable layer, inhibiting diffusive
transport of injected fluids and/or pore pressure
(2). Moreover, earthquake nucleation requires un-
stable slip conditions on a fault, as resistance to
sliding must diminish faster than elastic unload-
ing during fault slip. Yet current rate-and-state
constitutive laws for rock friction favor aseismic
slip in response to increasing pore-fluid pressure
(12, 13). Resolving these apparent inconsistencies
and developing valid predictivemodels for earth-
quakes induced by hydraulic fracturing remain
important challenges.

Intermittent sequences of induced earthquakes
began in December 2013 within a region of pre-
vious seismic quiescencewest of FoxCreek, Alberta
(Fig. 1). These earthquake sequences exhibit clear
spatial and temporal correlation with hydraulic
fracturing of the upper Devonian Duvernay For-
mation (9), a prolific hydrocarbon source rock that
consists of organic-rich mudstone, interfingered
with impermeable limestone (14). In response to
increased levels of seismicity, real-time seismo-
graphicmonitoring in this area has been enhanced
by the installation of a network of broadband sta-

tions (15). In the present study, this network is
supplemented by data from four broadband seis-
mograph stations installed by an oil and gas oper-
ator within themost seismically active part of this
region (Fig. 2). The application of algorithms for
template-basedmatched filtering (16) and double-
difference relocation (17) has yielded improved
magnitude detection threshold and better focal-
depth resolution thanhas heretofore been achieved
using regional observations.
In order to undertake a comprehensive com-

parison between seismicity and injection param-
eters, we compiled injection data for all wells
that were completed in the Duvernay zone from
December 2014 toMarch 2015 (18). At six drilling
locations (well pads), hydraulic fracturing was
performed in multiple stages within horizontal
wellbores. Virtually all of the induced seismicity
occurred in spatial clusters concentrated within
a lateral distance of ~2 km from hydraulically frac-
tured wells (Fig. 2), with sparse detectable earth-
quake activity in the intervening areas between
clusters. Although no template events were avail-
able with which to detect small earthquakes be-
tween clusters, even without such template events,
we can confidently exclude intercluster seismicity
of magnitude greater thanMW2.0 on the basis of
detection characteristics of the local array. As
argued by previous authors on the basis of tem-
poral and spatial correlation (2, 9), it is highly un-
likely that seismicity in this areahas beenprimarily
induced by saltwater injection. For example, to
the end of the time interval for this study, there
was only one saltwater disposal well operating in
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this area (Fig. 2), injecting into a layer that is high-
er in the stratigraphic succession (Mississippian
Debolt Formation). After 3 years of operation to
the end of March 2015, the cumulative injected
volume at the disposal well was only 9.94 × 104m3,
a small volume compared with that in other re-
gions where induced seismicity from saltwater dis-
posal has been documented (19).
For themost part, observed induced seismicity

exhibits a clear temporal correlationwith hydraulic-
fracturing activities. As evident from graphs of
daily average injection pressure and cumulative
injected volume (Fig. 3), most of the induced seis-
micity occurred during hydraulic-fracturing op-
erations at proximal well pads. Cluster 1 is an
exception to this behavior and was seismically
active fromearly January to lateMarch. Persistent
but intermittent seismicity within this cluster lacks
any clear indication of Omori-type decay in seis-
micity rate, which is generally characteristic of
earthquake aftershock sequences; instead, it is
characterized by three distinct posttreatment event
sequences (S1 to S3), each defined by a pattern of
increasing and/or decreasing event magnitudes
followed by a brief hiatus. The largest induced
earthquake (MW 3.9) took place on 23 January
2015 during sequence S1, 2 weeks after comple-
tion of hydraulic fracturing at pad 1. This event
occurred during flowback, a postinjection process

during which fracturing fluid is partially recovered
in a controlled manner (20). This timing invites
speculation that the earthquake was triggered by
fluid withdrawal; however, only ~7% of the
injected fluids at well 1 flowed back to the well-
head, an unusually low recovery level compared
with typical values of ~50% in other parts of west-
ern Canada (21). This limited recovery of flowback
fluids is indicative of fluid retention within a sub-
surface region that is in hydrological contact with
the primary or secondary network of induced hy-
draulic fractures (22).
The combined availability of a relatively com-

plete earthquake catalog and comprehensive injec-
tion data enables accurate determination of several
important parameters. For example, an often-cited
relationship postulates thatmaximum seismicmo-
ment for injection-induced earthquakes is limited
to the product of the net volume of injected fluid
and the effective modulus of rigidity that describes
the fault zone (19). This model assumes that the
stimulated rock-mass is fully saturated, proximal
faults are critically stressed, brittle failure occurs
within a volume that is weakened by anthropo-
genic pore pressure increase, and induced earth-
quakes follow a Gutenberg-Richter magnitude
distribution with a b-value near unity. On the
basis of the cumulative injected volume for each
well pad, we used this relation to calculate a

time-dependent upper limit for moment magni-
tude. The calculated envelope is in general agree-
ment with our observations (Fig. 3). Similarly, the
seismogenic index (S), defined as log10 N≥M (t) −
log10 VI (t) + bM, provides a measure of site-
specific seismotectonic characteristics that expresses
the (time-independent) potential for induced seis-
micity per unit of injected fluid volume (23). For
a given location, calculation of S requires obser-
vations of the earthquakemagnitude–frequency
distribution (where N is the number of events
having a magnitude ≥M), the b parameter of the
Gutenberg-Richter scaling law, and the net injected
fluid volume,VI. The calculated seismogenic index
for our study area ranges between −2.7 and −1.5.
These values of S exceed values obtained else-
where for hydraulic fracturing (−9.4 to −4.4) but
fall within a previously documented range (23)
for geothermal reservoirs (−3.2 to 0.4). These find-
ings suggest that seismic hazard in the Fox Creek
area may be more typical of that for geothermal
projects than for other shale plays.
An east-west cross section through cluster 1,

where the station geometry is most optimal for
determination of precise focal hypocenter loca-
tions, reveals two distinct, steeply dipping bands
of seismicity extending from the injection zone
within the Duvernay Formation into the upper
part of crystalline basement (Fig. 4). These bands
of seismicity are interpreted as en echelon fault
strands within a roughly north-south trending
strike-slip fault system, a scenario consistent with
nodal planes evident from regional focal mech-
anisms (Fig. 1). Independent support for the
existence of such a fault system is provided by
statistical analysis of seismicity patterns (24),
coupled with geochemical models for widespread
dolomitization of the underlying Swan Hills car-
bonate platform (25) that invoke basement faults
as migration pathways for large volumes of dolo-
mitizing fluids. The bulk of seismicity within the
east fault strand is located >1 km from the nearest
injectionwell and, similar to the other five clusters,
this strand was mainly active during hydraulic-
fracturing operations.
In contrast, the more proximal west fault strand

was repeatedly activated for several months after
completion of the treatment program. The hypo-
center distribution suggests that the fault zone
intersects the Duvernay Formation between the
two injection wells. Hydraulic fracturing was per-
formed in these wells using a so-called zipper frac
technique, which involves staggered injection
stages between two wells (26). Considering that
~93% of injected hydraulic fracturing fluids at
well pad 1 were not recovered during flowback, it
is likely that sustained pressurization of the fault
zone occurred. Induced seismicity sequences ap-
pear to have occurred in a retrograde fashion, with
the hypocenter of the largest event (sequence S1)
located at the deepest level within the upper part
of Precambrian crystalline basement, followed by
migration of subsequent sequences (S2 and S3) to
shallower levels, closer to the injection zone.
A recent analytical study that considered poro-

elastic coupling of stress and pore pressure in
a homogeneous medium shows that, at large
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distances from a fluid injection site, stresses ulti-
mately dominate over pore-pressure increase (27).
Similarly, a numerical analysis, also based on poro-
elasticity theory, suggests that a 2013–2014 episode
of seismicity induced by hydraulic fracturing in the
Fox Creek area is best explained by the elastic
response of the solid matrix, rather than fluid
diffusion (28). In our study, the east and west
strands of cluster 1 appear to delineate faults with
similar orientations but contrasting activation sig-

natures. As shown in fig. S10 of the supplementary
materials, when the elastic response of the sur-
roundingmedium to hydraulic fracturing at well
pad 1 is considered, seismicity within the east
strand largely falls within a positive Coulomb
stress-change regime (up to ~0.1 MPa), consis-
tent with previous findings (28). On the other
hand, hypocenters for the west strand fall largely
within a regime wherein elastic stresses induced
by hydraulic fracturing are predicted to inhibit

fault slip, implying that a different triggering
mechanism is required.
According to amodel for nucleation and arrest

of dynamic rupture on a pressured fault (29), the
existence of a permeable and aerially extensive
fault that is imperfectly aligned with the optimal
orientationwithin the regional stress field enables
pressurization to occur over a large fault patch
before nucleation of rupture. As shown in fig. S11
of the supplementary materials, postinjection
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activation of theMW 3.9 earthquake is consistent
with pore-pressure diffusion along the west fault
strand. Taken together, our observations suggest
that (i) a ~2-week delay in occurrence of the largest
event after completion of hydraulic fracturing
corresponds with relatively aseismic pressure dif-
fusion on the west fault strand; (ii) earthquake
nucleation occurred within the uppermost crys-
talline basement andwas triggered by an estimated
pore-pressure change of ~0.12 MPa; and (iii) the
slip regime within the weakened, fluid-pressurized
fault segment above the initial rupture during
sequence S1 was subject to renucleation during
sequences S2 and S3, months after elastic stresses
from the hydraulic fracturing operations had
subsided, on the basis of lack of seismicity within
the east fault strand.
The occurrence of the MW 3.9 earthquake on

23 January 2015 prompted, shortly thereafter, the
introduction of new regulations applicable to
this region that include a “traffic-light protocol”
thatmandates immediate shutdown in hydraulic
fracturing operations following an earthquake of
ML (local magnitude) 4.0 or greater within 5 km
of an affectedwell (30). Similarmagnitude-based
traffic-light protocols have been established in
other jurisdictions (31). As seen in many studies
of injection-induced seismicity from massive salt-
water disposal, in this study, a reactivated fault
zone is imaged by well-located hypocenters. Our
results indicate that fault activation during and
after hydraulic fracturing can be triggered by
different mechanisms, including stress changes
due to the elastic response of the rock-mass to

hydraulic fracturing or pore-pressure changes due
to fluid diffusion along a permeable fault zone.
Although stress-related triggering appears to dimi-
nish shortly after operations, a fluid-pressurized
fault may be susceptible to persistent seismicity
for a period of at least severalmonths. This suggests
that increased sensitivity of a fluid-pressurized
fault should be considered in ongoing develop-
ment ofmitigation strategies for seismicity induced
by hydraulic fracturing.
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ELECTROCATALYSIS

Biaxially strained PtPb/Pt core/shell
nanoplate boosts oxygen
reduction catalysis
Lingzheng Bu,1 Nan Zhang,1 Shaojun Guo,2,3,4* Xu Zhang,5 Jing Li,6 Jianlin Yao,1

Tao Wu,1 Gang Lu,5 Jing-Yuan Ma,7 Dong Su,6* Xiaoqing Huang1*

Compressive surface strains have been necessary to boost oxygen reduction reaction
(ORR) activity in core/shell M/platinum (Pt) catalysts (where M can be nickel, cobalt, or iron).
We report on a class of platinum-lead/platinum (PtPb/Pt) core/shell nanoplate catalysts
that exhibit large biaxial strains.The stable Pt (110) facets of the nanoplates have high ORR
specific and mass activities that reach 7.8 milliampere (mA) per centimeter squared and
4.3 ampere per milligram of platinum at 0.9 volts versus the reversible hydrogen electrode
(RHE), respectively. Density functional theory calculations reveal that the edge-Pt and top
(bottom)–Pt (110) facets undergo large tensile strains that help optimize the Pt-O bond
strength.The intermetallic core and uniform four layers of Pt shell of the PtPb/Pt nanoplates
appear to underlie the high endurance of these catalysts, which can undergo 50,000 voltage
cycles with negligible activity decay and no apparent structure and composition changes.

N
anostructured platinum (Pt) is an efficient
catalyst for fuel cells as well as various in-
dustrial chemical reactions (1–4), but its
high cost impedes its large-scale commer-
cialization (5–7). The most successful cat-

alysts for boosting the activity of catalysts for the
oxygen reduction reaction (ORR) on a per-Pt-atom
basis have been PtM alloy nanoparticles (NPs)
(where M has been Ni, Co, or Fe, among other
metals) with a Pt-skin surface (core-shell struc-
ture). However, the formation of either a dis-
ordered PtM core or nonuniform Pt-skin layer
(8–14) usually results in poor electrocatalytic
stability after long-term voltage cycling.
In general, tuning or optimizing the oxygen

adsorption energy through adjusting the com-
pressive strain of the Pt surface is believed to be
an effective approach to improve the ORR ac-
tivity (15, 16). Ordered intermetallic phases with
high transition metal content can be used to pro-
vide better control over the compressive strain
effect for optimized catalysis (17). The optimal
compressive strain to Pt (111) facet in PtM/Pt core/
shell NPs is particularly necessary for boosting
ORR catalysis. The tensile strain on the Pt (111)

facet is usually believed to be undesirable because
such surface strain will result in overly strong
binding of the oxygen species to the surfaces
during the catalysis process. Although the ac-
tivity enhancement has been demonstrated in
the core/shell electrocatalyst with a Pt mono-
layer shell (causing limited durability) and an
intermetallic PtPb core (18), the control over
the stable and active facets of Pt shell onto PtPb
core, and the investigation of strong tensile strain
for ORR enhancement have not been explored.
We report on a class of highly uniform PtPb/Pt

core/shell nanoplates with large biaxial tensile
strain for boosting ORR. Rather than use com-
pressive strain to optimize the oxygen adsorp-
tion energy, we show that at a very high tensile
strain, the Pt (110) plane located outside the nano-
plates can exhibit the superior electrocatalytic
activity for ORR (19, 20). By integrating the
strong tensile strain of PtPb to Pt (110) facet along
[100] direction with thin two-dimensional (2D)
morphology and intermetallic phase (ensuring
high chemical stability), the as-prepared nano-
plate can deliver specific andmass activities for
ORR that are 33.9 and 26.9 times greater than
those of the commercial Pt/C catalyst (8, 21, 22).
The PtPb nanoplates show negligible activity
decay and no obvious structure and composition
changes after a 50,000-cycle electrochemical
accelerated durability test (ADT). They are also
extremely active and stable for anodic oxidation
reactions, largely outperforming those based on
the PtPb NPs and the commercial Pt/C in both
methanol oxidation reaction (MOR) and ethanol
oxidation reaction (EOR).
We synthesized PtPb/Pt core/shell hexagonal

nanoplates in nonaqueous conditions using plat-
inum (II) acetylacetonate [Pt(acac)2] and lead (II)
acetylacetonate [Pb(acac)2] as the metal precur-
sors, oleylamine (OAm)/octadecene (ODE) mix-
ture as solvents and surfactants, and ascorbic

acid (AA) as the reducing agent [details in the
supplementary materials (23)]. The structure of
nanoplates was characterized by transmission
electron microscopy (TEM) and high-angle an-
nular dark-field scanning TEM (HAADF-STEM).
The as-prepared hexagonal nanoplates were the
dominant product, withmonodisperse edge length
of ~16 nm and the synthetic yield approaching
100% (Fig. 1, A and B). The thickness of PtPb nano-
plates was determined to be 4.5 ± 0.6 nm by
analyzing the nanoplates vertical on the TEMgrid
(fig. S1). The overall Pt/Pb composition, measured
by inductively coupled plasma atomic emission
spectroscopy (ICP-AES), was 55.9/44.1 (Pt/Pb),
consistent with the TEM energy-dispersive x-ray
spectroscopy (TEM-EDX) result (Fig. 1C).
Powder x-ray diffraction (PXRD) pattern of the

PtPb nanoplates showed that they were highly
crystalline with intermetallic PtPb phase [Joint
Committee on Powder Diffraction Standards
(JCPDS) no. 06-0374] (Fig. 1D and fig. S2). The
selected-area electron diffraction (SAED) of a
single PtPbnanoplate showed its single crystalline
and was consistent with the diffraction pattern
from the [001] zone axis of PtPb (P63/mmc) hex-
agonal phase (Fig. 1E). However, a high-resolution
TEM (HRTEM) image of the same nanoplate (Fig.
1F) revealed that the edge has a different crystalline
structurewith the interior. A few edge dislocations
were also observed between the edge layer and
the interior around the corners, which help to
relax themisfit strain between the edge phases.
The fast Fourier transform (FFT) patterns indi-
cate a cubic phase at the edge layer and a hexago-
nal phase of the interior (see the insets of Fig. 1F).
The elemental distribution of Pt and Pb at the

nanoplateswas characterizedusingSTEM-electron
energy-loss spectroscopy (EELS)mapping (Fig. 1G),
where the Pt (green), Pb (red), and combined (green
versus red) images indeed confirmed the presence
of a Pt edge layer around the PtPb core (Fig. 1G).
Considering the SAED,HRTEM, and STEM-EELS
mapping results together, we can conclude that a
Pt shell layer with a cubic phase (Fm-3m) formed
at the edge, and the diffraction pattern of Fig. 1E
can be interpreted as the overlapped diffraction
patterns from the <110> zone axis of strained Pt
phase and [001] zone axis of PtPb phase. The Pt
shell thickness was determined to be about 0.8
to 1.2 nm (four to six atomic layers).
The abreaction-corrected HAADF-STEM imag-

ing techniquewas further used to characterize the
facets and interfaces of the PtPb nanoplates. The
nanoplates were imaged from both the plate view
and the side view (Fig. 2A). Figure 2B is aHAADF-
STEM image along the PtPb [100] zone axis (side
view), whereas Fig. 2C is a HAADF-STEM image
from the [001] PtPb zone axis (plate view). Figure
2, D to F, are atomic-resolution STEM-HAADF
images taken at higher magnifications from the
areas indicated by the yellow rectangles. The Pt
and PtPb phases can be identified from their
different stacking sequences. Image simulation
with a multisliced method, as well as the pro-
jection of atoms, was overlapped on Fig. 2, D to
F. The results confirmed the PtPb(hexagonal)/
Pt(cubic) core/shell structure: In addition to the
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Fig. 1. Morphology
and structure
characterization
of PtPb hexagonal
nanoplates.
Representative
(A) HAADF-STEM
image, (B) TEM
image, (C) TEM-
EDX, and (D) PXRD
pattern of PtPb
hexagonal nano-
plates. (E) SAED
and (F) HRTEM of
one single hexago-
nal nanoplate.
Insets of Fig. 1F are
the FFT patterns
from the white
squares at the edge
of and inside the
nanoplate, respec-
tively. (G) STEM-
EELS elemental
mapping of PtPb
hexagonal nano-
plates: HAADF-
STEM image, Pt
mapping in green,
Pb mapping in red,
and integrated mapping of Pt and Pb are shown. The compositional ratio between Pt/Pb is 55.9/44.1, as revealed by ICP-AES.

Fig. 2. Structure
analysis of PtPb
nanoplates. (A) A
model of one single
hexagonal nano-
plate, (B) HAADF-
STEM image from
in-plate view,
(C) HAADF-STEM
image from
out-of-plate view.
(D to F) (D) is a
high-resolution
HAADF image from
the selected area in
(C). (E) and (F) are
high-resolution
HAADF images
from the selected
areas in (B). Simu-
lated HAADF
images as well as
the atomic models
are superimposed
on the experimen-
tal images. (G) The
schematic atom
models of the
nanoplate showing
the top interface
[(110)Pt//(100)PtPb] and the side interface [(110)Pt//(001)PtPb].
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Pt edge layers, there were top (bottom)-Pt layers
on the plane surfaces of nanoplates, forming the
“perfect” core/shell structure. Thus, two types of
interfacial planes formed in PtPb nanoplates:
{010}PtPb//{110}Pt between the PtPb and the
edge-Pt layer, and {001}PtPb//{110}Pt between
PtPb and top (bottom)-Pt layer (atomic schematic
model of Fig. 2G and figs. S3 to S6). Herein, the
unique Pt {110} surface would be beneficial for
ORR activity enhancement because Pt {110} facet
has been demonstrated to be intrinsically more
active than Pt {111} facet for the ORR in perchloric
acid (24, 25). The SAED, HRTEM, and selected-
area FFT analysis (figs. S4 to S6) further revealed
that the top-Pt layers were fully coherent to the
PtPb core, with an 11% compressive strain along
the [01-1]Pt and a 7.5% tensile strain along [100]Pt,
whereas in the edge-Pt layer, the [001] direction of
Pt was fully confined within PtPb, resulting in a
7.5% tensile strain and little compressive strain
(1.0%) along [110] Pt (fig. S3).
The synthesis of 2Dpuremetal nanoplates is chal-

lenging because of the intrinsically isotropic growth
behavior of metals (26–28). Time-dependent com-
position and structure changes revealed thatmaking
intermetallic PtPb/Pt core/shell hexagonal nanoplates
involved the initial formation of Pb3(CO3)2(OH)2,
the transformation of Pb3(CO3)2(OH)2, the reduc-
tion of Pt species, and hereafter the interdiffusion
to form structurally ordered intermetallic PtPb
nanoplates (figs. S7 and S8). The use of AA as
reductant is the key for the formation of well-
organized Pt atomic layers because during the
synthetic process, AA can work as a weak acid
for removing the Pb, allowing the Pt atoms to
diffuse and rearrange at higher temperatures.
We performed a set of control experiments

using a variety of synthetic parameters, such as
precursor, surfactant, and reducing agent, to
investigate how the different synthetic reagents
affect the growth of the well-defined PtPb hex-
agonal nanoplates. The synthesis of well-defined
PtPb/Pt nanoplates depended highly on the con-
centration of Pt and Pb precursors, the combined
use of OAm to ODE, and the use of proper re-
ducing agents (figs. S9 to S15). The concentration
of AA also had to stay within a critical range to
obtain a high yield of PtPb/Pt core/shell nano-
plates (fig. S14), and PtPb hexagonal nanoplates
could not be made by replacing AA with other
reducing agents, such as glucose and citric acid
(fig. S15).
The electrochemical properties of the PtPb

nanoplates as well as PtPb nanoparticles that
we synthesized (figs. S16 and S17) were studied
and further benchmarked against the commer-
cial Pt/C from Johnson Matthey (JM) (Pt/C,
20 weight % Pt on Vulcan XC72R carbon, Pt par-
ticle size 2 to 5 nm) (fig. S18, A and B). Before the
electrochemical measurement, the PtPb nano-
structures were uniformly deposited on a com-
mercial carbon (C, Vulcan) support (figs. S19
and S20, named as PtPb nanoplates/C and PtPb
nanoparticles/C) via the sonication of PtPb nano-
structures and C solution. The products were
further treated with the mixture of ethanol/acetic
acid to remove the surfactant (29). The inset of

Fig. 3A shows cyclic voltammograms (CVs) of
PtPb nanoplates/C, PtPb nanoparticles/C, and
commercial Pt/C catalysts in N2-purged 0.1 M
HClO4 solution at a sweep rate of 50 mV/s. The
PtPb nanoplates showed greater electrochem-
ical active surface area (ECSA) of 55.0 m2/g than
PtPb nanoparticles (43.4 m2/g) because of their
thinness and even comparable ECSA to that of
the commercial Pt/C (68.9 m2/g).
To evaluate the electrocatalytic activities toward

ORR, theORRpolarizationcurvesofPtPbnanoplates/
C, PtPb nanoparticles/C and commercial Pt/C
were measured in an O2-saturated 0.1 MHClO4

solution under Ohmic drop correction (Fig. 3A).
As shown in Fig. 3B and table S1, the specific
activity (SA) of PtPb nanoplates/C could reach
7.8 mA/cm2 at 0.9 V versus reversible hydrogen
electrode (RHE), 4.1 and 33.9 times greater than
those of PtPb nanoparticles/C (1.9 mA/cm2) and
commercial Pt/C (0.23mA/cm2). Themass activity
(MA) of PtPb nanoplates/C is 4.3 A/mgPt at 0.9 V

versus RHE, which is ~9.8 times that of the 2020
U.S. Department of Energy target (30), and places
them among the most efficient bimetallic cat-
alysts reported for ORR (8, 21, 22).
The electrochemical durability of the PtPb/Pt

core/shell nanoplates was evaluated at the po-
tential between 0.6 and 1.1 V versus RHE in
0.1 M HClO4 solution. Figure 3C shows the
ORR polarization curves of the PtPb nanoplates/
C before and after 10,000, 20,000, 30,000, 40,000,
and 50,000 potential cycles. After 50,000 sweeping
cycles, there was almost no shift in ORR polariza-
tion curves and only 7.7% loss of mass activity for
the PtPb nanoplates (Fig. 3D). However, under the
same condition, the PtPb nanoparticles/C showed
a large negative shift in ORR polarization curves
(fig. S21A) and 37.0% loss of mass activity (Fig.
3E). The commercial Pt/C showed amuch larger
negative shift in ORR polarization curves (fig.
S21B) with 66.7% loss of mass activity (Fig. 3F).
The structures of the catalysts before and after
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Fig. 3. Electrocatalytic performance of PtPb nanoplates/C, PtPb nanoparticles/C, and commer-
cial Pt/C catalysts for ORR. (A) ORR polarization curves and (B) specific andmass activities of different
catalysts. Inset in (A) is the CVs of different catalysts in 0.1 M HClO4 solution at a sweep rate of 50 mV/s.
The ORRpolarization curves were recorded at room temperature in an O2-saturated 0.1 MHClO4 aqueous
solution.The activities were calculated based on five parallel measurements after Ohmic drop correction.
(C) ORR polarization curves of the PtPb nanoplates/C catalyst before and after different potential cycles
between0.6 and 1.1 VversusRHE. (D) The changes on specific andmass activities of the PtPb nanoplates/
C catalyst before and after different potential cycles. (E) The changes on specific andmass activities of the
PtPb nanoparticles/C catalyst before and after different potential cycles. (F) The changes on specific and
mass activities of the commercial Pt/C catalyst before and after different potential cycles.
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the durability tests were characterized by TEM,
SEM-EDX, HRTEM, elemental mappings, and
extended x-ray absorption fine structure (EXAFS)
(figs. S19, S22, and S23), showing that there was
negligible change on the morphology and com-
position of the PtPb nanoplates (figs. S19, G to
I, and S22, D to F) and Pt-Pt atomic distance
(fig. S23) after long-term cycles. Under the same
condition, the PtPbnanoparticles shownoticeable
morphology and composition changes (fig. S20,
C and D), and the commercial Pt/C catalyst ex-
hibited large size changes and substantial ag-
gregation after 50,000 cycles (fig. S18, C and D).
We think that the high catalytic stability of PtPb/
Pt core/shell nanoplates originates from their
special structure, in which the well-defined Pt
shell can hinder the loss of interior transition
metal through the place-exchange mechanism
during electrochemical condition and thus improve
their ORR durability, which is hardly afforded
by the previously reported PtPb/Pt core/shell
structures suffering from the typical electrocata-
lytic activity loss possibly due to their too thin Pt
shell (18, 31).
To understand the exceptional ORR perfor-

mance of the core/shell PtPb/Pt nanoplates, we
performed density functional theory (DFT) cal-
culations for the oxygen adsorption energy (EO)
on the PtPb nanoplates. The ORR activity reaches
themaximumat some optimal value of EO (32, 33).
For convenience, we shifted the optimal EO value
to 0 eV and useDEO to represent the difference of
a given EO value relative to this optimal refer-
ence. In general, both surface strain and ligand
effect can influence the catalytic activity of a core-
shell nanostructure, and they can be tuned by the
variation of alloy composition in the core. We
ignored the ligand effect because it is often neg-
ligible for a shell thickness >0.6 nm (34). The
HRTEM images revealed that the Pt skin thick-

ness of PtPb/Pt nanoplates is between 0.8 and
1.2 nm. Therefore, herein we focus entirely on
surface strain.
The SAED and HRTEM results revealed a

large tensile strain along [001] and a compressive
strain along [110] on both the top-Pt and edge-Pt
surfaces of the nanoplates. Thus, we calculated
DEO on the Pt (110) surface as a function of strain
in the [001] and [110] directions. Specifically, the
strain applied in [001] direction ranged from –1%
(compressive) to 9% (tensile), and the strain applied
in [110] direction varied from 1% to –9%. Under
each biaxial strain, three types of the most stable
oxygen adsorption sites on the (110) surface were
examined (Fig. 4A): the face-center cubic (fcc)
hollow sites (“h”), the bridge sites in [001] di-
rection (“b1”), and the bridge sites in [110] di-
rection (“b2”). Both “b1” and “b2” sites consist of
the low-coordinated surface atoms. We also cal-
culated DEO on the flat (111) surface of Pt. The
results of DEO calculations are reported in Fig. 4,
B to D.
The DEO values on the “h” sites were nearly

optimal for a wide range of biaxial strains. The
adsorbed oxygen atom was metastable when the
tensile strain in [001] direction was relatively
small or the compressive strain in [110] direction
was relatively large. In both cases, the Pt-O
binding was much weaker on the “h” sites than
their adjacent “b2” sites (Fig. 4, B and D) and
the diffusion barrier was <0.05 eV from an “h”
site to a “b2” site. Thus, the “h” sites under such
biaxial strains did not contribute meaningfully
to the overall ORR. However, under large tensile
strain of 7.5% in [001] direction or a small com-
pressive strain of 1% in [110] direction, the “h”
sites became catalytically active and their DEO

valueswere comparable to those on the “b2” sites.
Thus, the “h” sites on the edge-Pt surface of the
nanoplates were stable and active for ORR. The

“b1” sites were not active for large tensile strains
in [001] direction and were not responsible for
the ORR performance of the nanoplates (Fig. 4C).
On the “b2” sites, the Pt-O bond was usually
strong and could poison the catalyst. However,
the strong Pt-O binding could be weakened by
tensile strains in [001] direction (Fig. 4D) and the
“b2” sites became catalytically active under a
large tensile strain of 7.5% in [001] direction. Be-
cause DEO values were insensitive to the strain in
[110] direction, the “b2” sites were active for ORR
at both the top-Pt and edge-Pt surfaces. We attri-
bute the high ORR activity of the PtPb/Pt core/
shell nanoplates to the active “h” and “b2” sites
under the appropriate large biaxial strains. It is
generally believed that in M/Pt core/shell cata-
lyst, the compressive strain can weaken the Pt-O
binding on Pt (111) surface and increase the ORR
activity (34–36), and low-coordinated surface
atoms have stronger Pt-O binding, lowering the
ORR activity (37, 38). However, our DFT calcula-
tions show that the tensile strains on Pt (110) facet
can also increase the ORR activity and that the
low-coordinated surface atoms (“b2”) can be acti-
vated by large tensile strains.
The PtPb/Pt core/shell nanoplates reported

herein also show high electrocatalytic activity and
stability toward anodic fuel cell reactions such as
methanol oxidation reaction (MOR) and ethanol
oxidation reaction (EOR). As shown in figs. S24
to S26 and table S2, the PtPb nanoplates/C exhibit
the MOR mass activity of 1.5 A/mgPt, 2.4 times
and 7.9 times higher than those of PtPb nano-
particles and Pt catalysts, respectively, as well as
higher stability. For EOR, it displays the specific
activity of 2.5mA/cm2 andmass activity of 1.4 A/mg
Pt, 1.9 and 2.5 times greater than those of PtPb
nanoparticles/C, and 10.4 times and 8.8 times
higher than those of the commercial Pt/C (fig.
S24 and table S3), as well as greater stability
(figs. S24 to S26).
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Fig. 4. DFTcalcula-
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(A) Atomic models of
the Pt (110) surface.
Three stable adsorp-
tion sites for oxygen:
hollow (“h”) and two
bridge sites (“b1” and
“b2”). The blue and
green spheres repre-
sent Pt and O atoms,
respectively. (B to
D) On the Pt (110)
surface, DEO as a
function of biaxial
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[001] directions for
the “h” site (B) and the
“b1” site (C), and the
“b2” site is plotted in
(D). The optimal DEO
value is set to be 0.
DEO value falling into
the shaded region implies a higher ORR activity than that on the flat Pt (111) surface.
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ELECTROCATALYSIS

Ultrafine jagged platinum nanowires
enable ultrahigh mass activity for the
oxygen reduction reaction
Mufan Li,1 Zipeng Zhao,2 Tao Cheng,3 Alessandro Fortunelli,3,4 Chih-Yen Chen,2

Rong Yu,5 Qinghua Zhang,6 Lin Gu,6 Boris V. Merinov,3 Zhaoyang Lin,1 Enbo Zhu,2

Ted Yu,3,7 Qingying Jia,8 Jinghua Guo,9 Liang Zhang,9 William A. Goddard III,3*
Yu Huang,2,10* Xiangfeng Duan1,10*

Improving the platinum (Pt) mass activity for the oxygen reduction reaction (ORR)
requires optimization of both the specific activity and the electrochemically active
surface area (ECSA). We found that solution-synthesized Pt/NiO core/shell
nanowires can be converted into PtNi alloy nanowires through a thermal annealing
process and then transformed into jagged Pt nanowires via electrochemical dealloying.
The jagged nanowires exhibit an ECSA of 118 square meters per gram of Pt and a
specific activity of 11.5 milliamperes per square centimeter for ORR (at 0.9 volts
versus reversible hydrogen electrode), yielding a mass activity of 13.6 amperes per
milligram of Pt, nearly double previously reported best values. Reactive molecular
dynamics simulations suggest that highly stressed, undercoordinated rhombus-rich
surface configurations of the jagged nanowires enhance ORR activity versus more
relaxed surfaces.

P
latinum (Pt) represents the essential ele-
ment for catalyzing the oxygen reduction
reaction (ORR) (1–3). However, the high
cost of Pt is the primary limiting factor
preventing the widespread adoption of

fuel cells that critically depend on ORR (4, 5).
Therefore, higher Pt mass activity—the catalytic
activity per given mass of Pt—must be achieved
to reduce the required platinum usage. The Pt
mass activity is determined by the specific activi-
ty (normalized by surface area) and the electro-
chemically active surface area (ECSA, normalized
bymass). The specific activity can be optimized by
tuning the chemical environment, including chem-
ical composition (6–9), exposed catalytic surface
(1, 10–12), and Pt coordination environment
(13–16). To date, the highest specific activities
have generally been achieved on single-crystal
surfaces or well-defined nanoparticles (NPs) with
specifically engineered facet structure and alloy

compositions. For example, the Pt3Ni (111) single-
crystal facet (1) and Pt3Ni octahedral NPs have
been shown to exhibitORR-favorable surface struc-
ture for greatly enhanced activity (17–19), but such
alloys typically suffer from insufficient stability
because of electrochemical leaching of Ni during
electrochemical cycling, as well as decreased ECSA
because of agglomeration of the NPs. Introduction
ofMo surface dopants canmitigate such leaching
processes and help maintain the ORR-favorable
Pt3Ni (111) surface for enhanced activity and
stability (19). On the other hand, ECSA may be
improved by tailoring the geometrical factors
through the creation of ultrafine nanostructures
(20, 21) or core/shell nanostructures with an
ultrathin Pt skin (22–24) that exposes most Pt
atoms on the surface. Although high surface areas
have been achieved on these structures, the re-
ported ECSA values for these optimized struc-
tures are typically limited to ~70 m2/gPt.

To boost Pt mass activity and Pt utilization
efficiency, an ideal catalyst should have an ORR-
favorable chemical environment for high specific
activity, optimized geometric factors for high ECSA
(20–24), and amechanism tomaintain these high
values for long periods of operation.We report the
preparation of ultrafine jagged Pt nanowires (J-
PtNWs) with rich ORR-favorable rhombic config-
urations that lead toa specific activity of 11.5mA/cm2

[at 0.9 V versus RHE (reversible hydrogen elec-
trode)] and an ECSA of 118m2/gPt. Together, these
J-PtNWs deliver amass activity of 13.6 A/mgPt (at
0.9 V versus RHE), which is ~50 times that of the
state-of-the-art commercial Pt/C catalyst and near-
ly double the highest previously reported mass
activity valuesof6.98A/mgPt (19) and5.7A/mgPt (23).
We prepared Pt/NiO core/shell nanowires by

reducing platinum (II) acetylacetonate [Pt(acac)2]
and nickel(II) acetylacetonate [Ni(acac)2] in a
mixture solvent of 1-octadecene and oleylamine
(25). Transmission electron microscopy (TEM)
showed that the as-synthesized nanowires exhibit
an apparent core/shell structure with a contrast
of darker core and lighter shell. The nanowires
have a typical overall diameter of ~5 nm or less,
and a length of ~250 to 300 nm (Fig. 1A and fig.
S1A). High-resolution TEM (HRTEM) confirmed
the core/shell structure with a typical core diam-
eter of 2.0 ± 0.2 nm (Fig. 1D). The shell shows well-
resolved lattice fringes with a spacing of 0.24 nm,
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corresponding to the (111) interplanar distance
of face-centered cubic (fcc) NiO (Fig. 1D), and the
core displays a primary lattice spacing of 0.23 nm,
corresponding to Pt (111) planes (Fig. 1D).
These Pt/NiO nanowires were then loaded onto

carbon black and annealed in an argon/hydrogen
mixture (Ar/H2: 97/3) at 450°C to produce PtNi
alloy nanowires. The overall morphology of the
nanowirewasmaintainedwithout obvious change
in length or diameter, but the apparent core/shell
contrast disappeared (Fig. 1B), suggesting the
formation of uniform PtNi alloy nanowires. The
HRTEM image of the annealed nanowire con-
firms a uniform contrast with a well-resolved
lattice spacing of 0.21 nm throughout the entire
nanowire diameter (Fig. 1E), consistent with the
(111) lattice spacing of the PtNi alloy. This evolu-
tion, from the initial core/shell nanowires before
annealing to uniform alloy nanowires after an-
nealing, was also confirmed by high-angle an-
nular dark-field scanning transmission electron
microscope (HAADF-STEM) studies (fig. S1, C
and D).
Our energy-dispersive x-ray (EDX) spectroscopy

elemental analysis shows that the overall Pt/Ni
ratio remained essentially the same (Pt/Ni: 15/85)
before and after annealing (fig. S3, A and B). The
EDX spectroscopy line scan profile of the as-
prepared nanowires also confirms the core/shell
structure with a Pt core (Fig. 1G) that diffuses
homogeneously throughout the entire nanowire
after annealing (Fig. 1H). X-ray diffraction (XRD)
studies also confirm the evolution of the initial
Pt/NiOcore/shell configurations into a fully alloyed
PtNi nanowire structure (fig. S4). Furthermore,
x-ray photoelectron spectroscopy (XPS) studies
demonstrate that the nickel valence state changed
from Nix+ in the Pt/NiO core/shell nanowires to
mostly Ni0 after annealing, consistent with the
formation of PtNi alloy (fig. S5).
We believe that the nanowire geometry is es-

sential for ensuring the thermal stability of these
ultrafine nanowires under high-temperature
annealing. For example, a similar thermal anneal-
ing process applied to ultrafine PtNi NPs led to
substantial aggregation of theNPs (a size increase
from~7 nm to aggregates of 10 to 30 nm) (fig. S2),
which could be partly attributed to themovement
and fusion of NPs. In contrast, nanowires sup-
ported on carbon black have multiple anchoring
points and their mobility is much lower than that
of NPs with a single point contact on a carbon
support.
Weused anelectrochemical dealloying (leaching)

process to gradually remove Ni atoms from the
PtNi alloy nanowires, which allowed the rear-
rangement of Pt atoms on the surface to form
the J-PtNWs. We performed cyclic voltammetry
(CV) inN2-saturated 0.1MHClO4 solution (0.05 V
to 1.1VversusRHE)with a sweep rate of 100mVs−1

(Fig. 2A). With the CV curves, the ECSAHupd
was

derived from theHupd adsorption/desorption peak
areas (0.05 V < E < 0.35 V) normalized by the
total mass of the loaded Pt. The PtNi alloy nano-
wires initially showed an essentially negligible
ECSAHupd

during the first CV cycle. The ECSAHupd

increased steadily with the increasing number of

CV cycles (Fig. 2B). The nanowires were fully ac-
tivated in ~160 CV cycles to reach a stable ECSAHupd

up to 118 m2/gPt, whereas the previous highest
reported values were ~70 m2/gPt (Table 1).

Structural andelemental studieswereperformed
to characterize the fully activated nanowires after
CV cycles. Low-resolution TEM images show that
the overall nanowire structurewaswellmaintained
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Fig. 1. Structure and composition characterization of different stages of the J-PtNW evolution
process. (A to F) Representative TEM images (A to C) and HRTEM images (D to F) of the Pt/NiO core/
shell nanowires, the PtNi alloy nanowires, and the J-PtNWs supported on carbon, respectively. The
inset in (F) shows the corresponding FFT image. The dashed lines in (E) and (F) show the outline of the
nanowires, highlighting the rough surface of the J-PtNWs. (G to I) EDX spectroscopy line-scan profiles
of the corresponding nanowires show clearly the evolution from the Pt/NiO core/shell to PtNi alloy
and then to pure PtNWs.

Table 1. Electrochemically active surface area (ECSA), specific activity, half-wave potential, and
mass activity of J-PtNWs/C, R-PtNWs/C, and Pt/C catalysts, in comparison to those in several
representative recent studies. NA, not applicable.

ECSA

(m2/gPt)

Specific activity

(mA/cm2)

at 0.90 V

Half-wave

potential (V)

Mass activity

at 0.90 V

(A/mgPt)

at 0.935 V

J-PtNWs/C (this work) 118 11.5 0.935 13.6 2.87
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

R-PtNWs/C (this work) 110 1.59 0.899 1.76 0.5
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Pt/C (this work) 74 0.35 0.860 0.26 0.06
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Octahedron Pt2.5Ni/C (17) 21 NA NA 3.3 NA
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Nanoframe Pt3Ni/C (23) 67.2 NA NA 5.7 NA
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Mo-Pt3Ni/C (19) 67.7 10.3 NA 6.98 NA
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

DOE 2017 target NA NA NA 0.44 NA
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
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after the electrochemical dealloying process
(Fig. 1C). The HRTEM images show that the
overall diameter of the nanowire shrank from
~5.0 nm to ~2.2 nm after the CV cycles, with well-
resolved lattice spacing of 0.23 nm, again consis-
tent with Pt (111) (Fig. 1F). The EDX spectroscopy
line scan showed that Pt was the only dominant
element in the resulting nanowires (Fig. 1I), further
confirming complete Ni leaching. In addition, the

CV scan of the fully activated nanowires (after
160 CV cycles) in 0.1 M KOH showed an absence
of typical Ni2+/Ni3+ redox signatures, in contrast
to the partially activated (150 cycles) PtNi alloy
nanowires in which the Ni2+/Ni3+ redox peaks
were prominent (fig. S6).We also conducted aCO-
stripping experiment to determine the ECSACO of
J-PtNWs (fig. S7). The resulting ratio of ECSAHupd

:
ECSACO is 1.00:1.05,which is in agreementwith that

of typical pure Ptmaterial (10). Furthermore, TEM
studies of the dealloyed nanowires also showed a
highly jagged surface (Fig. 1, C and F) with rich
atomic steps, in contrast to the relatively smooth
surface observed in typical synthetic PtNWs (fig.
S1B). On the basis of these observations, we denote
the resulting nanowires as J-PtNWs.
The electrocatalytic performance of the result-

ing nanowires was compared with a commercial

1416 16 DECEMBER 2016 • VOL 354 ISSUE 6318 sciencemag.org SCIENCE

2 nm

SA Tafel MA TafelORR

CVECSAActivation CV

0.9 V vs.
RHE

MA Tafel

ADT test HAADF 
STEM 
after ADT

FFT

Fig. 2. Electrochemical performance of the jagged PtNWs (J-PtNWs)
versus regular synthetic PtNWs (R-PtNWs) and commercial Pt/C catalyst.
(A) Cyclic voltammetry (CV) curves corresponding to different activation cycles
of the dealloying process, clearly indicating the increasing surface area with
increasing number of CV cycles. (B) The evolution of ECSA with increasing
number of CV cycles, showing that 160 cycles are sufficient to construct the
J-PtNW and reach a stable ECSA. (C and D) CV and ORR polarization curves
for the J-PtNWs, R-PtNWs, and Pt/C catalyst, respectively. (E and F) Specific
activity (SA) and mass activity (MA) Tafel plot for the J-PtNWs, R-PtNWs, and
Pt/C catalyst, respectively. The purple dashed line indicates the 2017 mass

activity target (at 0.90 V versus RHE) set by DOE. (G) Comparison of specific
activities and mass activities of the J-PtNWs, R-PtNWs, and Pt/C catalyst
at 0.9 V versus RHE, showing that the J-PtNWs deliver 33 times the specific
activity or 52 times the mass activity of the Pt/C catalyst. (H) ORR polari-
zation curves and mass activity Tafel plot (inset) for the J-PtNWs before and
after 6000 CVcycles between 0.6 and 1.0 V versus RHE, showing little loss in
activity. The scan rate for the accelerated durability test (ADT) is 100 mV s−1.
(I) High-resolution HAADF-STEM image of the J-PtNWs after ADT.The circled
areas indicate defective regions with missing atoms. The inset shows the
corresponding FFT image.
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Pt/C catalyst (10%mass loading of ~3- to 5-nm Pt
NPs on carbon support) and directly synthesized
regular PtNWs (R-PtNWs, diameter ~1.8 nm; fig.
S1B)with a relatively smooth surface (25). To assess
ORR activity, we loaded all catalysts onto glassy
carbon electrodes (Ptmass loading: 2.2 mg/cm2 for
J-PtNWs, 2.55 mg/cm2 forR-PtNWs, and 7.65 mg/cm2

for Pt/C catalyst).We usedCV tomeasure the ECSA
(Fig. 2C). Overall, the J-PtNWs, R-PtNWs, and Pt/C
catalyst showed ECSA values of 118, 110, and
74 m2/gPt, respectively (Table 1). The synthetic R-
PtNWs also exhibited a rather high ECSA thatmay
be related to their ultrasmall diameters (~1.8 nm).
Figure 2D shows the ORR polarization curves

normalized by glassy carbon electrode geometric
area (0.196 cm2). The half-wave potential for the
J-PtNWswas 0.935V, which is considerably higher
than those of the commercial Pt/C catalyst (0.86 V)
and the R-PtNWs (0.90 V), suggesting excellent
ORRactivity of the J-PtNWs. TheKoutecky-Levich
equation was used to calculate the kinetic current
by considering themass-transport correction. The
specific andmass activities were normalized by
the ECSA or the total mass of the loaded Pt, re-
spectively. Overall, the J-PtNWs showed a specific
activity of 11.5 mA/cm2 at 0.90 V versus RHE, far
higher than 0.35 mA/cm2 for the Pt/C catalyst or

1.59 mA/cm2 for the R-PtNWs tested under the
same conditions (Table 1). Together with their
ultrahigh specific surface area, the J-PtNWs deliver
a highmass activity of 13.6 A/mgPt at 0.9 V versus
RHE, which is 52 times that of the 10 weight per-
cent Pt/C (0.26 A/mgPt) and more than 7 times
that of the R-PtNWs (1.76 A/mgPt) (Fig. 2G and
Table 1). Themass activity achieved in the J-PtNWs
is nearly double the highest previously reported
mass activity valueof 6.98A/mgPt (19) and5.7A/mgPt
(23). This observed mass activity was highly re-
producible andwas between 10.8 and 13.8 A/mgPt
in >15 independently tested J-PtNW electrodes.
Because the current at 0.90 V is already near the

diffusion-limited current in the ORR polarization
curve, we also compared mass activity at half-
wave potential of the J-PtNWs (0.935 V) in
Table 1. Our analysis shows that the J-PtNWs still
exhibited amass activity 48 times that of the Pt/C
catalyst. The Tafel plots of specific activity (Fig.
2E) exhibit slopes of 51, 72, and 74 mV decade−1

for the J-PtNWs, R-PtNWs, and Pt/C catalyst,
respectively. A considerably smaller slope achieved
in the J-PtNWs suggests significantly improved
kinetics for ORR. Remarkably, the mass activity
Tafel plot (Fig. 2F) shows that the J-PtNWs deliv-
er mass activity 30 times the 2017 target set by

theU.S.Department of Energy (DOE) (0.44A/mgPt
at 0.90 V for MEA, highlighted by purple dashed
line inFig. 2F). The J-PtNWs can deliver the DOE
targeted mass activity at 0.975 V (RHE), thus re-
ducing the overpotential by 0.075 V.
We evaluated the durability of the J-PtNWs

using accelerated deterioration tests (ADT) under a
sweep rate of 100mV s−1 between 0.6 V and 1.0 V
in O2 saturated 0.1 M HClO4. After 6000 cycles,
the ECSA dropped by only ~7%, the specific
activity dropped by only ~5.5%, and together
the mass activity dropped by only 12% (Fig. 2H).
The retention of high ECSA in J-PtNWs during
ADT is in stark contrast to that of the Pt/C cata-
lyst, which showed a much larger loss (~30%)
in ECSA during similar ADTs. Ultrafine nano-
structures (e.g., ~2 nm) have shown severelyworse
stability relative to their bulk counterpart (26, 27)
due tomovement, aggregation, andOstwald ripen-
ing processes. The unique one-dimensional geom-
etry of nanowires and the multipoint contacts
with the carbon supportmight reduce suchmove-
ment and aggregation, and might also deter the
Ostwald ripening process usually observed in
spherical NPs (fig. S8), thereby contributing to
the excellent durability. Indeed, our TEM studies
before and after ADT showed little change in the
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Fig. 3. Structural anal-
ysis of the J-PtNWs
obtained from ReaxFF
reactive molecular
dynamics and x-ray
absorption spectros-
copy. (A) Pictorial illus-
trations of the final
structure of a J-PtNW
generated by reactive
molecular dynamics
simulations, with an
average diameter of
~2.2 nm and length of
~46 nm. (B) J-PtNW
with colored atoms to
show the five-fold
index. (C) J-PtNW with
colored atoms to show
distribution of atomic
stress (in atm·nm3).
(D) Pt-Pt radial
distribution function
(RDF) of the SMA-
predicted J-PtNW (red)
compared with the
peaks of the RDF for
the regular PtNW
(black). (E) Pt L3 edge
FT-EXAFS spectrum
(black) collected ex situ
and the corresponding
first-shell least-squares
fit (red) for the J-PtNWs.
(F) Distribution of
the absolute values of
the average atomic stress on surface rhombi for the R-PtNWs (black) and the J-PtNWs (red). A rhombus is an ensemble of four atoms arranged as two
equilateral triangles sharing one edge, as shown in the inset.
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overall morphology or size of the J-PtNWs on the
carbon support (fig. S9). High-resolution STEM
studies showed that the jagged surface (with de-
fective sites) was largely preserved after 6000
cycles (Fig. 2I).
The above results demonstrate that the J-PtNWs

exhibit ultrahigh specific surface area and specific
activity, together delivering a record-high mass
activity for ORR.Notably, the J-PtNWs exhibit con-
siderably higher specific activity andmass activity
(11.5 mA/cm2 or 13.6 A/mgPt at 0.9 V) than those
of R-PtNWs (1.59mA/cm2 or 1.76 A/mgPt at 0.9 V),
despite similar ECSA values (118m2/gPt for 2.2-nm
J-PtNWs, 110m2/gPt for 1.8-nmR-PtNWs). Relative
to the Pt/C catalyst, the J-PtNWs show a factor of
33 increase in specific activity at 0.90 V versus
RHE, which suggests that the activation energy for
the rate-determining step of ORR on the J-PtNWs
is reduced by 0.090 eV from that of the Pt/C
catalyst [DEact = kBT ln(SAJ-PtNW/SAPt/C), where
DEact is the difference in activation energy, kB is
Boltzmann’s constant, T is temperature, SAJ-PtNW

is the specific activity of J-PtNWs, and SAPt/C is
the specific activity of the Pt/C catalyst]. This de-
crease is plausible according to our various ORR
computations (16).
To gain further insight on how the J-PtNWs

could deliver substantially higher ORR activity,
we conducted reactive molecular dynamics (RMD)
studies using the reactive force field (ReaxFF) (28)
to simulate the formation of J-PtNWs by leaching
Ni atoms from initially Pt15Ni85 alloy nanowires
(16), as well as a secondmoment approximation
(SMA) tight-binding potential (29) for final local
optimization and prediction of Pt-Pt distances
(25). TheRMD simulation resulted in a pure PtNW
containing 7165 Pt atoms (in a length of ~46 nm)
with a diameter of ~2.2 nm and a highly jagged
surface (Fig. 3A). Notably, the overall morphology
of the predicted J-PtNWs resembles closely the
experimentally obtained J-PtNWs as shown in
TEM images in Fig. 1, both of which showmodu-
lating thread-like segments ~2.2 nm in diameter
containing striction regions, bending points, and
jagged surfaces.
The predicted radial distribution function for

the J-PtNWexhibits awell-defined first-neighbor
peak at about 2.70 Å (Fig. 3D), which is ~2.2 to
2.5% shorter than the Pt-Pt first-neighbor distance
predicted for the R-PtNWs (2.76 Å) and the bulk
Pt crystal (2.77 Å), whereas the peaks associated
with the second and farther neighbors are much
broader and more blurred, similar to those re-
ported in nanoporous NPs (16). These predicted
Pt-Pt first-neighbor distances are well confirmed
by the EXAFS analysis (Fig. 3E, fig. S10, and table
S1), which reveals that the first-shell Pt-Pt bond
length in the J-PtNWs (2.71 Å) is ~1.8% shorter
than that of the Pt foil (2.76 Å).
Nanowires with small diameters (~2.2 nm in

this case) inherently have ultrahigh surface area
that can be further enhanced by the surface rough-
ness of a jagged morphology. We calculated the
van der Waals surface area of the simulated J-
PtNWs to be ~110m2/gPt (table S2), which agrees
well with our experimental value derived from
the ECSA (118m2/gPt). However, the enhancement

of surface area alone cannot fully account for the
observed ORRmass activity. Stressed and under-
coordinated crystalline-like surface rhombi can
markedly decrease the reaction barrier of the rate-
determining steps of ORR, thus improving speci-
fic ORR activity (16). Surface rhombi are ensembles
of four atoms arranged as two equilateral triangles
sharing one edge (see the inset in Fig. 3F) and
resembling the triangular tessellation of an fcc
(111) surface, which we find to be superior to a
square tessellation for ORR activity in the same
way that the fcc (111) surface is more ORR-active
than other compact fcc surfaces such as fcc (100)
(1, 30). Moreover, rhombi that are stressed and
undercoordinated but still crystalline-like exhibit
smaller overall energy barriers for ORR than those
encountered on the rhombi of the fcc (111) sur-
face, as predicted via density functional theory
calculations (16).
Several factors could contribute to the greatly

enhanced ORR activity in the J-PtNWs:
(i) Our analysis shows that the coordination

number of surface atoms in the J-PtNWs ranges
mostly between 6 and 8 (fig. S11A), indicating
that these surface atoms are undercoordinated
relative to typical crystal surfaces [with coordi-
nation numbers of 8 or 9 for (100) or (111) facets,
respectively]. Despite the low coordination num-
ber and jagged features, the crystalline-like char-
acter of surface atoms in J-PtNWs is confirmed
from common neighbor analysis (CNA) (31–33),
which shows that the ratio of CNA [5, 5, 5] triplets
(amarker of icosahedral structure) (29, 34) to the
total number of CNA triplets is rather low (84%
of the atoms have a ratio below 0.0065) (Fig. 3B).
Because the bonded pairs of type [5, 5, 5] are
characteristic of icosahedral order, this low [5, 5, 5]
ratio indicates amore crystalline-like feature (32)
for our established model, which is also a crucial
factor for enhancing ORR activity (16). Indeed,
such crystalline-like character in our simulation
model is consistent with the experimental fast
Fourier transform (FFT) images (insets in Fig. 1F
and Fig. 2I) showing that the J-PtNWs remain
fcc-like after CV activation and repeated cycling.
Additionally, the distribution of rhombus dihe-
dral angles (fig. S11B) shows that most of the dihe-
dral angles formed between the two triangles of
the rhombus are in the range of 156° to 180°. Given
the 180° dihedral angle for typical crystalline
Pt (111) facets, this statistical analysis further con-
firms the high-crystallinity nature of the J-PtNWs,
which is favorable for increased reactivity (16).
(ii) The surface atoms in the J-PtNWs exhibit

rather high values of Cauchy atomic stress times
atomic volume, about 10 times that for regular
(100) or (111) facets (Fig. 3, C and F), as also con-
firmed by simulated and EXAFS-derived Pt-Pt
distances (Fig. 3, D and E).Moreover, the ReaxFF
surface energy of the J-PtNW is 2.7 J/m2, which
exceeds the value for the Pt(111) surface (1.7 J/m2;
this latter ReaxFF value is in very good agreement
with quantummechanics and experimental values).
This mechanical strain can decrease the binding
energy of adsorbents on close-packed surfaces,
which canmake the surfacesmore active (32,35,36),
further contributing to the activity enhancement.

(iii)We found that the J-PtNWs possess a large
ECSA (table S2) and also exhibit an unusually
high number of theORR-favorable rhombic struc-
tures on the surface. There are 76% rhombi per
surface atom in the J-PtNW surface (table S2),
considerably higher than the 57% previously re-
ported for the nanoporous Pt-NPs (16).

Because Ni is sacrificial in the process of
forming pure J-PtNWs, other sacrificial elements
may also be selectively removed from their alloys
through electrochemical, chemical, or thermal
dealloying processes to result in jagged surfaces
with improved catalytic activity.We also prepared
similar J-PtNWs by electrochemical dealloying
PtCo nanowires and achieved an ORR activity of
8.1 A/mgPt (figs. S12 and S13), which exceeds the
highest number reported previously (6.98 A/mgPt).
We attribute the lower mass activity relative to
PtNi-derived J-PtNWs to the slightly larger diam-
eter of the resulting nanowires (~2.5 versus
~2.2 nm), leading to a smaller ECSA (92 m2/gPt
versus 118 m2/gPt) and possibly to differences in
the dealloying mechanism of Co with respect to
Ni. These studies further demonstrate the valid-
ity and generality of our approach to deriving
highly ORR-active J-PtNWs from alloy nanowires.
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TORNADOES

More tornadoes in the most extreme
U.S. tornado outbreaks
Michael K. Tippett,1,2* Chiara Lepore,3 Joel E. Cohen4,5,6

Tornadoes and severe thunderstorms kill people and damage property every year. Estimated
U.S. insured losses due to severe thunderstorms in the first half of 2016 were $8.5 billion (US).
The largest U.S. effects of tornadoes result from tornado outbreaks, which are sequences of
tornadoes that occur in close succession. Here, using extreme value analysis, we find that the
frequency of U.S. outbreaks with many tornadoes is increasing and that it is increasing faster
for more extreme outbreaks.We model this behavior by extreme value distributions with
parameters that are linear functions of time or of some indicators of multidecadal climatic
variability. Extreme meteorological environments associated with severe thunderstorms show
consistent upward trends, but the trends do not resemble those currently expected to result
from global warming.

I
n the United States, tornado outbreaks have
substantial effects on human lives and prop-
erty. Tornado outbreaks are sequences of six
or more tornadoes that are rated F1 and
greater on the Fujita scale or rated EF1 and

greater on the Enhanced Fujita scale and that
occur in close succession (1, 2). About 79% of
tornado fatalities during the period 1972 to 2010

occurred in outbreaks (1), and 35 people died in
U.S. tornado outbreaks in 2015. No significant
trends have been found in either the annual
number of reliably reported tornadoes (3) or of
outbreaks (1). However, recent studies indicate
increased variability in large normalized eco-
nomic and insured losses from U.S. thunder-
storms (4), increases in the annual number of

days onwhichmany tornadoes occur (3, 5), and
increases in the annual mean and variance of
the number of tornadoes per outbreak (6). Here,
using extreme value analysis, we find that the
frequency of U.S. outbreaks with many tornadoes
is increasing and that it is increasing faster for
more extreme outbreaks. Wemodel this behavior
by extreme value distributions with parameters
that are linear functions of time or of some in-
dicators of multidecadal climatic variability. Ex-
treme meteorological environments associated
with severe thunderstorms show consistent upward
trends, but the trends do not resemble those cur-
rently expected to result from global warming.
Linear trends in the percentiles of the number

of tornadoes per outbreak (Fig. 1A) are positive,
statistically significant, and increase exponentially
faster with percentile probability (Fig. 1B). This
behavior is consistent with the positive trends in
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tornadoes), 1954 to2015 (solid lines), andquantile regression fits to 1965 to 2015, assuming linear growth in time (dashed lines). (B) Linear growth rates as a function
of percentile probability. Error bars are 95% bootstrap confidence intervals and indicate linear trends that are statistically significantly different from zero.

18 April 2016; resubmitted 25 August 2016
Accepted 26 October 2016
Published online 17 November 2016
10.1126/science.aaf9050

RESEARCH | REPORTS

http://www.sciencemag.org/content/354/6318/1414/suppl/DC1


mean and variance (6), which suggested that the
distribution of the number of tornadoes per out-
break is shifting to the right (increasing mean)
and that higher percentiles of the distribution are
shifting faster than the mean (increasing vari-
ance). The increase of percentile trends with per-
centile probability is consistent with trends in the
frequency of tornado days with many tornadoes
increasing with threshold (5).
Nonstationary generalized extreme value (GEV)

distributions with trends in their parameters do
not reproduce the observed upward trend in the
slopes of percentiles as a function of percentile
probability (supplementarymaterials and fig. S1).
Therefore, we use the Generalized Pareto (GP)

approach with a threshold of 12 E/F1+ tornadoes
[(2) and fig. S2]. We refer to outbreaks with 12 or
more E/F1+ tornadoes as “extreme outbreaks”
(2). There were 435 extreme outbreaks from 1965
through 2015, no statistically significant trends
in the annual number of extreme outbreaks (P =
0.66) (Fig. 2A), and no statistically significant
autocorrelation in the numbers of tornadoes per
extreme outbreak (fig. S2C). TheGP distributions
found here have shape parameter around 0.3
(finite mean and variance) and are lighter-tailed
distributions than was found considering torna-
does per day (rather than outbreaks) and a thresh-
old of one (Pareto shape parameter of 0.61, infinite
mean and variance) (7).

The percentiles of the number of tornadoes
per extreme outbreak (Fig. 2B) also have upward
trends that are statistically significant (above the
30th percentile) and depend approximately ex-
ponentially on the percentile probability (Fig. 2C).
Allowing a trend as a function of time in the GP
threshold uwould give percentile trends (slopes)
that are the same for all percentiles, contrary to
observation. Permitting a linear trend as a func-
tion of time in the scale s̃ improves the fit to
the data statistically significantly. According to
this model, the scale parameter and the percen-
tiles increase linearly with time (Table 1), and
higher percentiles increase faster. The stan-
dardized quantile-quantile plot in fig. S3 shows
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fairly good agreement between the data and the
GP distribution, with a linear trend in its scale
parameter as a function of time. Data quantiles
exceed those of the model at high percentiles
(standardized model quantile values of 3 to 4
in fig. S3), meaning that the model predicts that
outbreaks with many tornadoes would occur
more often than is observed. The difference be-
tween model and data quantiles falls within the
range expected from sampling variability (fig. S3).
We cannot reject the model on this basis.
The slopes of the percentiles of the GP distribu-

tion with a linear trend in its scale parameter are
approximately exponential in the percentile prob-
ability and match well those estimated by quan-
tile regression (Fig. 2C). The trends from quantile
regression and from the nonstationary GP dis-
tribution deviate from exponential dependence
on the percentile probability near the end points
of 0% and 100% probability. Adding a trend to
the scale parameter x results in a marginally sta-
tistically significant (P = 0.04) (Table 1) upward
trend that is statistically insignificant when
the largest value (in 2011) is withheld (P = 0.1)
(table S2). The scale trends change little when

the outbreak value from 2011 is withheld (table
S2). Return levels for 2-, 5-, and 25-year return
periods are shown in Fig. 2D along with 90%
bootstrap confidence intervals (5000 bootstrap
samples with bias correction and acceleration).
The estimated number of tornadoes in the 5-year
most extreme outbreak roughly doubles from 40
in 1965 to nearly 80 in 2015.
The outbreak trends in the tornado report

database may reflect changes in reporting rather
than real properties of tornadoes (8). The envi-
ronments associated with tornadoes and severe
thunderstorms provide valuable evidence that is
independent of report data for assessing the
variability of severe convective storms (4, 9–13).
We use a two-part environmental proxy for the
number of tornadoes per outbreak (2, 6). Here,
we define extreme environments as those with
values of the outbreak proxy greater than 12,
matching the extreme outbreak definition. The
proxy is computed using reanalysis data (2) and
depends on two factors, convective available po-
tential energy (CAPE) and a measure of vertical
wind shear, stormrelative helicity (SRH).Modeling
studies project that CAPE will increase in future

warmer climates (14, 15), and Elsner et al. (5) hy-
pothesized that climate change and increases in
CAPE could already be leading tomore active areas
of severe convection on days with tornadoes.
However, we find no statistically significant

trends in the percentiles of CAPE conditional on
extreme environments (Fig. 3A) nor in the percen-
tiles of CAPE conditional on CAPE > 1 J kg−1 (not
shown). On the other hand, there are statistically
significant upward trends in the percentiles of
SRH conditional on extreme environments (Fig.
3B), and these trends are the source of the trends
in the percentiles of the outbreak number proxy
(Fig. 3C). The linear growth rates (slopes) of the
proxy for the number of tornadoes per extreme
outbreak are approximately exponential in the
percentile probabilities, like those for the num-
ber of tornadoes in extreme outbreaks, and have
roughly the same range of values. Percentiles of
environments (not extreme) conditional on the
environmental occurrence proxy show the same
qualitative behavior (fig. S5). Therefore,we cannot
at present associate previously identified features
of a warmer climate with the observed changes in
our environmental proxy and, by extension, with
the changes in tornado outbreak statistics.
The observed trends in the statistics of out-

breaks and extreme environments may be related
to low-frequency climate variability other than
climate change. Multidecadal variability in U.S.
tornado activity has been compared with sea sur-
face temperature (SST)–forced variability (16). We
explore the connection between multidecadal cli-
mate signals and outbreak statistics using a non-
stationary GP distributionwhose scale parameter
is a linear function of the climate signal rather
than time.
The Atlantic Multidecadal Oscillation (AMO)

(17) affects North American climate, is charac-
terized by variations in North Atlantic SST, and
can be explained as an oceanic response to mid-
latitude atmospheric forcing (18). TheAMOshows
multidecadal variability, increasing from about
1970 though the mid-2000s (fig. S4A). The GP
distribution whose scale parameter is a linear
function of the AMO index fits the data signifi-
cantly better than the stationary GP distribution
but not better than a linear time trend (Table 1).
Another important pattern of climate variabil-

ity is the Pacific Decadal Oscillation (PDO) (19)
(fig. S4B). TheGP distributionwhose scale param-
eter is a linear function of the PDO index does not
fit the data significantly better than the stationary
GP distribution (Table 1).
Contiguous U.S. (CONUS) annual average tem-

perature is increasing, and that change has promp-
ted investigations of changes in the U.S. tornado
climatology (20). Taking the GP scale parameter to
depend linearly on CONUS temperature gives a
significantly better fit to the data than does the
stationary GP distribution but not a better fit
than the GP distribution with a scale parameter
that depends linearly on either time or the AMO
index (Table 1).
Many changes in U.S. tornado report statistics

have been ascribed to changes in reporting prac-
tices, technology, and other nonmeteorological
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Table 1. Generalized Pareto distribution parameters. Distributions are fitted to the number of

E/F1+ tornadoes per outbreak for outbreaks with 12 or more E/F1+ tornadoes. The negative log

likelihood (NLL), maximum likelihood estimates, and their standard errors are indicated for each
model. The likelihood ratio (LR) test P value compares nonstationary models with the stationary

distribution.

s̃0 s̃1 x0 x1

Stationary (NLL = 1449)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Maximum likelihood estimates 7.6 − 0.3 −
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Standard error estimates 0.621 − 0.067 −
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

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

s̃ ¼ s̃0 þ s̃1 t (NLL = 1440)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

LR P value = 2 × 10−5
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Maximum likelihood estimates 4.73 0.12 0.26 −
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Standard error estimates 0.736 0.029 0.062 −
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

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

ξ ¼ ξ0 þ ξ1t (NLL = 1447)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

LR P value = 0.04
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Maximum likelihood estimates 7.48 –0.13 0.0066 −
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Standard error estimates 0.61 − 0.088 0.0031
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

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

s̃ ¼ s̃0 þ s̃1 � AMO (NLL = 1442)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

LR P value = 2 × 10−4
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Maximum likelihood estimates 8.18 8.48 0.28 −
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Standard error estimates 0.6531 2.2009 0.0626 −
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

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

s̃ ¼ s̃0 þ s̃1 � PDO (NLL = 1449)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

LR P value = 0.3
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Maximum likelihood estimates 7.71 –0.52 0.29 −
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Standard error estimates 0.63 0.54 0.067 −
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

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

s̃ ¼ s̃0 þ s̃1 � CONUS temperature

(NLL = 1444)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

LR P value = 0.001
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Maximum likelihood estimates 8.31 1.62 0.28 −
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Standard error estimates 0.70 0.52 0.065 −
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .
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factors (8). However, recent findings point to in-
creases in the number of tornadoes per event,
whether events are defined as days when torna-
does occur (3, 5) or as tornado outbreaks (6). Here,
we found statistically significant upward trends
in thehigher percentiles of thenumber of tornadoes
per outbreak. We modeled these trends using
extreme value distributions with a time-varying
scale parameter. Similar behavior in an environ-
mental proxy suggested that the behavior of the
tornado reports is not due simply to changes in
reporting practice or technology.
Climate change has been proposed as con-

tributing to changes in tornado statistics (5, 20).
Climate model projections indicate that CAPE,
one of the factors in our environmental proxy,
will increase in awarmer climate, leading tomore
frequent environments favorable to severe thun-

derstorms in the United States (14, 15). However,
the proxy trends here are not due to increasing
CAPE but instead due to trends in SRH, a quantity
related to vertical wind shear that was previously
identified as a factor in increased year-to-year
variability of U.S. tornado numbers (11). Therefore,
wecannot atpresent associate theobservedchanges
in our environmental proxy and, by extension,
the changes in tornado outbreak statistics, with
previously identified features of a warmer climate.
This conclusion is, of course, subject to revision by
the discovery of other implications of a warmer
climate for severe thunderstorm environments.
The question of which climatic factors have

driven the observed changes in tornado activity
has important implications for the future. If global
warming is changing tornado activity, then we
might expect to see either continued increases in

the number of tornadoes per outbreak or at least
no return to earlier levels. On the other hand, if
multidecadal variability, anthropogenic or natural,
is responsible, then a return toward earlier levels
might be possible in the future. Further clouding
the future,many of the outbreakmeasures (annual
maximum and higher percentiles of the number
of tornadoes per outbreak) reached their lowest
values in more than a decade in 2015. As a final
caveat, inferring tornadic actively solely from the
environment has considerable uncertainty even
in the current climate and at least as much in
projected climates (21).
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CONSERVATION

A global map of roadless areas and
their conservation status
Pierre L. Ibisch,1,2* Monika T. Hoffmann,1 Stefan Kreft,1,2 Guy Pe’er,2,3,4

Vassiliki Kati,2,5 Lisa Biber-Freudenberger,1,6 Dominick A. DellaSala,7,8

Mariana M. Vale,9,10 Peter R. Hobson,1,2,11 Nuria Selva12*

Roads fragment landscapes and trigger human colonization and degradation of ecosystems,
to the detriment of biodiversity and ecosystem functions. The planet’s remaining large and
ecologically important tracts of roadless areas sustain key refugia for biodiversity and provide
globally relevant ecosystem services. Applying a 1-kilometer buffer to all roads, we present a
global map of roadless areas and an assessment of their status, quality, and extent of
coverage by protected areas. About 80% of Earth’s terrestrial surface remains roadless, but
this area is fragmented into ~600,000 patches, more than half of which are <1 square
kilometer and only 7% of which are larger than 100 square kilometers. Global protection of
ecologically valuable roadless areas is inadequate. International recognition and protection of
roadless areas is urgently needed to halt their continued loss.

T
he impact of roads on the surrounding land-
scape extends far beyond the roads them-
selves. Direct and indirect environmental
impacts include deforestation and fragmen-
tation, chemical pollution, noise disturbance,

increased wildlife mortality due to car collisions,
changes in population gene flow, and facilitation
of biological invasions (1–4). In addition, roads
facilitate “contagious development,” in that they
provide access to previously remote areas, thus
opening themup formore roads, land-use changes,
associated resource extraction, and human-caused
disturbances of biodiversity (3, 4).With the length
of roads projected to increase by >60% globally
from 2010 to 2050 (5), there is an urgent need
for the development of a comprehensive global
strategy for road development if continued bio-
diversity loss is to be abated (6). To help mitigate
the detrimental effects of roads, their construc-
tion should be concentrated asmuchas possible in
areas of relatively low “environmental values” (7).
Likewise, prioritizing the protection of remaining
roadless areas that are regarded as important for
biodiversity and ecosystem functionality requires
an assessment of their extent, distribution, and
ecological quality.
Such global assessments have been constrained

by deficient spatial data on global road networks.
Importantly, recent publicly available and rapidly
improving data sets have been generated by
crowd-sourcing and citizen science. We demon-
strate their potential through OpenStreetMap, a
project with an open-access, grassroots approach
to mapping and updating free global geographic
data, with a focus on roads. The available global
road data sets, OpenStreetMap and gROADS,
vary in length, location, and type of roads; the
former is the data set with the largest length of
roads (36million km in 2013) that is not restricted
to specific road types (table S1). OpenStreetMap is
more complete than gROADS, which has been
used for other global assessments (7), but in cer-
tain regions, it contains fewer roads than sub-

global or local road data sets [see the example of
Center for International Forestry Research data
for Sabah, Malaysia (8); table S1]. Given the pace
of road construction and data limitations, our
results overestimate the actual extent of global
roadless areas.
The spatial extent of road impacts is specific

to the impact in question and to each particular
road and its traffic volume, as well as to taxa,
habitat, landscape, and terrain features. Moreover,
for a given road impact, its area of ecological in-
fluence is asymmetrical along the road and can
varyamongseasons, betweennight andday, accord-
ing to weather conditions, and over longer time
periods.We conducted a comprehensive literature
reviewof 282publications dealingwith “road-effects
zones” or including the distance to roads as a
covariate, of which 58 assessed the spatial influ-
ence of the road (table S2). All investigated road
impacts were documented within a distance of
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Fig. 1. The global distribution of roadless areas, based on a 1-km buffer around all roads. The distribution is depicted according to (A) size classes, (B) the
ecological value index of roadless areas (EVIRA; based on patch size, connectivity, and ecosystem functionality), and (C) representation in protected areas (8).
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1 km from the road, 39% reached out to 2 km
from the road, and only 14% extended out to 5 km
from the road (fig. S1). Because the 1-km buffer
along each side of the road represents the zone
with the highest level and variety of road impacts,
we defined roadless areas as those land units
that are at least 1 km away from all roads and,
therefore, less influenced by road effects.We com-

pared results from using this criterion with the
outcomes from using an alternative 5-km buffer
(see fig. S2 and table S3). We excluded all large
water bodies, as well as Greenland and Antarctica,
which aremostly covered by ice, from the analyses.
Roadless areaswith a 1-kmbuffer to the nearest

road cover about 80% of Earth’s terrestrial surface
(~105million km2). However, these roadless areas

are dissected into almost 600,000 patches. More
than half of the patches are <1 km2; 80% are
<5 km2; and only 7% are >100 km2 (table S4 and
fig. S3). If the buffer is extended to 5 km, there is
a substantial reduction in roadless areas to about
57% of the world’s terrestrial surface (~75million
km2), dissected into 50,000 patches (fig. S2 and
table S3). The occurrence, distribution, and size
of roadless areas differ considerably among con-
tinents (Fig. 1A and fig. S4). For instance, themean
size of roadless patches (1-km buffer) is 48 km2 in
Europe, compared with >500 km2 in Africa. Be-
cause of comparatively large gaps in available spa-
tial data on roads inmany segments of the tropics,
the number and size of roadless areas are over-
estimated and should be treated with caution (e.g.,
Borneo; table S1).
All identified roadless areas were assessed for

a set of ecological properties thatwere selected to
reflect their relative importance to biodiversity,
ecological functions, and ecosystem resilience:
patch size, connectivity, and ecosystem function-
ality (9) (table S5). We normalized these three
indicators to between 0 and 100 to calculate an
additive and unitless index of the ecological val-
ue of each roadless area identified (termed the
ecological value index of roadless areas, or EVIRA)
[Fig. 1B and fig. S5; the specific rationale and
technicalities of the chosen indicators are described
in table S5 (8)]. The EVIRA values range from0 to
80. A sensitivity analysis shows that ecosystem
functionality and patch size are the best single
indicators for the final index values (table S6 and
figs. S6 to S8). Areas with relatively high index
values tend to have a lower coefficient of varia-
tion (fig. S9).
We used the International Union for Conser-

vation of Nature (IUCN) and UN Environment
Programme–WorldConservationMonitoringCentre
data set of global protected areas to determine
the extent of roadless areas that are protected (8)
(Fig. 1C). The roadless areas distribution across
human-dominated landscapes was determined
following the classification of so-called anthromes,
defined as biomes shaped by human land use and
infrastructure (10) (Fig. 2 and table S7).
When examining the density of roads within

different biomes, large discrepancies in distribu-
tion are apparent. The tundra and rock and ice-
coveredbiomesarenearly entirely roadless,whereas
temperate broadleaf and mixed forests have the
lowest share of roadless areas (41%; figs. S9 and
S10). Boreal forests of North America and Eurasia
still retain large tracts of roadless areas (figs. S10
and S11). In the tropics, large roadless landscapes
(>1000 km2) remain in Africa, South America,
and Southeast Asia, with the Amazon having the
single largest roadless segment. In relation to the
anthromes (10), about two-thirds of the world’s
roadless areas can be described as remote and un-
modified landscapes [26% uninhabited or sparsely
inhabited treeless and barren lands; 21% natural
and remote seminatural woodlands, with 17% wild
woodlands therein (8); Fig. 2 and table S7]. The
remaining one-third consists of rangelands, indicat-
ing that roadless areas can also occur in anthro-
pogenically modified landscapes.
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Aboutone-thirdof theworld’s roadless areashave
lowEVIRAvalues.Patcheswithrelatively lowEVIRA
values (ranging from 0 to 37; namely, <50% of the
maximum value) account for 35% of the overall
roadless area distribution, becausemost are small,
fragmented, isolated, orotherwiseheavilydisturbed
by humans. Some large tracts of roadless areas,

such as arid lands in northern Africa or central
Asia, occur in areas of sparse vegetation and low
biodiversity and, thus, have low index values for
ecosystem functionality (9) (Fig. 1B). High EVIRA
values occur both in tropical and boreal forests.
The relative conservation value of roadless areas
is context-dependent. Comparatively small or

moderately disturbed roadless areas have higher
conservation importance in heavily roaded envi-
ronments, such as most of Europe, the conter-
minous United States, and southern Canada.
Although the world’s protected areas cover

14.2% of the terrestrial surface, only 9.3% of the
overall expanse of roadless areas is within pro-
tected areas (all IUCN categories; Fig. 1C and
table S8). There is no major difference in the
coverageof roadless areasby strictly protected areas
(IUCN categories I and II) versus the coverage of
the overall landscape by strictly protected areas
(3.8% roadless versus 4.2% overall). Only in North
America, Australia, and Oceania are more than
6% of roadless areas under strict protection (table
S8). If conservation efforts were to prioritize func-
tional, ecologically important roadless areas, we
would find a positive relation between strict pro-
tection coverage and EVIRA values of roadless
areas. However, with the exception of Australia,
this is not the case (Fig. 3 and table S9). Asia and
Africa have particularly low protection coverage
for roadless areas with high EVIRA values. For
instance, we found gaps in the Asian tropical
southeast, as well as in boreal biomes.
The recent Global Biodiversity Outlook (11) gives

a bleak account of the progress made toward
reaching theUnitedNations’ biodiversity agenda
as specified in the 20 Aichi Targets of the Con-
vention on Biological Diversity (12). Governments
have failed on several accounts to keep their use of
natural resourceswellwithin safe ecological limits
(target 4); to halt or at least halve the rate of
habitat loss and substantially reduce the degrada-
tion and fragmentation of natural habitats (target
5); and to appropriately protect areas of particular
importance for biodiversity and ecosystem ser-
vices (target 11). To achieve global biodiversity
targets, policies must explicitly acknowledge the
factors underlying prior failures (13). Despite in-
creasing scientific evidence for the negative im-
pacts of roads on ecosystems, the current global
conservation policy framework has largely ignored
road impacts and road expansion. Furthermore,
key policies on road infrastructure and develop-
ment, such as the Cohesion Policy of the European
Union, fail to take into account biodiversity.
In the much wider context of the United Na-

tions’ Sustainable Development Goals, conflict-
ing interests can be seen between goals intended
to safeguard biodiversity and those promoting
economic development (14). We analyzed how
roadless areas relate to the global conservation
and sustainability agendas. As a transparent syn-
thesis, we calculated simple scores of conflicts
versus synergies of Sustainable Development
Goals and Aichi Targets with the conservation
of roadless areas (tables S10 and S11). Roads are
explicitly mentioned in the Sustainable Develop-
mentGoals only for their contribution to economic
growth (goal 8), promoting further expansion
into remote rural areas, and consideration is
given neither to the environmental nor the social
costs of road development. The resulting scores
reflect substantial imminent conflicts (Fig. 4 and
table S10); only in five Sustainable Development
Goals do synergies with conservation of roadless
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Fig. 4. Synergies and
conflicts between
conservation of road-
less areas and the
United Nations’ Sus-
tainable Development
Goals. Scores <–0.5
(blue bars) indicate that
conflicts with the goal
prevail; scores between
–0.5 and 0.5 (yellow)
indicate a mixture of
synergies and conflicts
with the goal; and
scores >0.5 (green)
indicate prevailing syn-
ergies with the goal [for
details, see table S11
(8)].The scores reflect
substantial imminent
conflicts between vari-
ous Sustainable Devel-
opment Goals and
conservation of road-
less areas (table S11).
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areas prevail, and four Sustainable Develop-
ment Goals are predominantly in conflict with
conservation of roadless areas. Maybe evenmore
surprisingly, several of the Aichi Targets are am-
bivalent with respect to conserving roadless areas,
rather thanbeing in synergyentirely [six conflicting
versus 11 synergistic targets (8); table S11].
There is an urgent need for a global strategy

for the effective conservation, restoration, and
monitoring of roadless areas and the ecosystems
that they encompass. Governments should be en-
couraged to incorporate the protection of exten-
sive roadless areas into relevant policies and other
legal mechanisms, reexamine where road devel-
opment conflicts with the protection of roadless
areas, and avoid unnecessary and ecologically
disastrous roads entirely. In addition, governments
should consider road closure where doing so can
promote the restoration of wildlife habitats and
ecosystem functionality (4). Our global map of
roadless areas represents a first step in this di-
rection. During planning and evaluation of road
projects, financial institutions, transport agencies,
environmental nongovernmental organizations,
and the engaged public should consider the iden-
tified roadless areas.
The conservation of roadless areas can be a key

element in accomplishing the United Nations’
Sustainable Development Goals. The extent and
protection status of valuable roadless areas can
serve as effective indicators to address several Sus-
tainable Development Goals, particularly goal 15
(“Protect, restore and promote sustainable use of
terrestrial ecosystems, sustainably manage forests,
combat desertification, and halt and reverse land
degradation and halt biodiversity loss”) and goal
9 (“Build resilient infrastructure, promote inclu-
sive and sustainable industrialization and foster
innovation”). Enshrined in the protection of road-
less areas should be the objective to seek and
develop alternative socioeconomic models that
do not rely so heavily on road infrastructure.
Similarly, governments should consider how
roadless areas can support the Aichi Targets (see
tables S10 and S11). For instance, the target of
expanding protected areas to cover 17% of the
world’s terrestrial surface could include a repre-
sentative proportion of roadless areas.
Althoughwe acknowledge that access to trans-

portation is a fundamental element of human
well-being, impacts of road infrastructure require
a fully integrated environmental and social cost-
benefits approach (15). Still, under current condi-
tions and policies, limiting road expansion into
roadless areas may prove to be the most cost-
effective and straightforward way of achieving
strategically important global biodiversity and
sustainability goals.
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PLANT PATHOLOGY

Regulation of sugar transporter
activity for antibacterial defense
in Arabidopsis
Kohji Yamada,1,2* Yusuke Saijo,3,4 Hirofumi Nakagami,5† Yoshitaka Takano1*

Microbial pathogens strategically acquire metabolites from their hosts during
infection. Here we show that the host can intervene to prevent such metabolite loss
to pathogens. Phosphorylation-dependent regulation of sugar transport protein 13
(STP13) is required for antibacterial defense in the plant Arabidopsis thaliana.
STP13 physically associates with the flagellin receptor flagellin-sensitive 2 (FLS2)
and its co-receptor BRASSINOSTEROID INSENSITIVE 1–associated receptor kinase
1 (BAK1). BAK1 phosphorylates STP13 at threonine 485, which enhances its
monosaccharide uptake activity to compete with bacteria for extracellular sugars.
Limiting the availability of extracellular sugar deprives bacteria of an energy source
and restricts virulence factor delivery. Our results reveal that control of sugar
uptake, managed by regulation of a host sugar transporter, is a defense strategy
deployed against microbial infection. Competition for sugar thus shapes host-pathogen
interactions.

P
lants assimilate carbon into sugar by pho-
tosynthesis, and a broad spectrumof plant-
interactingmicrobesexploit thesehost sugars
(1, 2). InArabidopsis, pathogenic bacterial
infection causes the leakage of sugars to

the extracellular spaces (the apoplast) (3), amajor
site of colonization by plant-infecting bacteria.

Although leakagemay be a consequence ofmem-
brane disintegration during pathogen infection,
some bacterial pathogens promote sugar efflux
to the apoplast bymanipulating host plant sugar
transporters (4, 5). Interference with sugar ab-
sorption by bacterial and fungal pathogens re-
duces their virulence, highlighting a general
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importance of sugar acquisition for microbial
infection (4–7).
Plants control apoplastic sugar levels by sugar

transporters and glycoside hydrolases. For exam-
ple, sucrose exported to the apoplast is hydro-
lyzed to glucose and fructose by cell-wall invertases
(cwINVs), which are then transported to the
cytoplasm by sugar transport proteins (STPs)
(8). Of the 14 Arabidopsis STP transporters, STP1
and STP13 largely govern the uptake of mono-
saccharides (9). In plant defense, STP13 contrib-
utes to resistance against the gray mold fungus
Botrytis cinerea in Arabidopsis (10). On the con-
trary, the Lr67res mutation, which results in
impaired transporter activity of LR67 (an STP13
ortholog), enhances resistance against both
rust and powdery mildew fungal pathogens in
wheat, although the process remains undeter-
mined (11).
To investigate whether sugar uptake by STP1

and STP13 contributes to antibacterial defense
in Arabidopsis, we spray-inoculated the phyto-
pathogenic bacterium Pseudomonas syringae pv.
tomato (Pst) DC3000 (12) onto stp1 stp13 double-
mutant plants. The plants showed increased
susceptibility to Pst DC3000 (Fig. 1A, left) but
exhibited a wild-type (WT)–like stomatal closure

response (13) to the flg22 peptide of bacterial
flagellin (fig. S1). Thus, the elevated susceptibil-
ity of stp1 stp13 plants seems to reflect defects
in their postinvasion defenses. Indeed, growth
of syringe-infiltrated Pst DC3000 DhrcC, a less
virulent strain lacking the type III secretion sys-
tem (T3SS) that delivers virulence factors called
effectors into plant cells, was also elevated in stp1
stp13 plants (Fig. 1A, right). Our results suggest
that STP1 and STP13 restrict bacterial prolifer-
ation in the apoplast by retrieving sugars.
To determine whether apoplastic monosaccha-

ride levels fluctuate during antibacterial defense,
we measured apoplastic glucose levels after ex-
posure to flg22. Apoplastic glucose levels in the
leaves of stp1 stp13 plants were significantly higher
than in WT plants but were indistinguishable
fromWT amounts in nonelicited plants (fig. S2A).
Moreover, cwINV activity was comparably induced
in WT and stp1 stp13 plants in response to flg22
(fig. S2B). Together, these data indicate that STP1
and/or STP13 absorb cwINV-generated mono-
saccharides in the apoplast during antibacte-
rial defense and thus perhaps significantly
reduce apoplastic sugar content during bacterial
challenge.
We also found that monosaccharide uptake

activity in Arabidopsis seedlings increased after
flg22 application, but not in the absence of the
leucine-rich repeat receptor kinase (LRR-RK)
flagellin-sensitive 2 (FLS2), the flg22 receptor
in Arabidopsis (Fig. 1B), further suggesting that
plants actively absorb sugars during antibacterial
defense. Because the contribution of STP1 and
STP13 to antibacterial defense implies their roles
in flg22-induced monosaccharide uptake activity
in Arabidopsis plants, we measured monosaccha-
ride uptake in stp1 and stp13 plants upon mock

and flg22 application. stp1 plants retained an
increase in monosaccharide uptake in response
to flg22, whereas the basal activity of mock-
treated plants was reduced (Fig. 1B). By contrast,
stp13 plants failed to show enhanced activity
after flg22 application (Fig. 1B). This demon-
strated that STP1 and STP13 contribute to basal
and flg22-induced monosaccharide uptake activ-
ity, respectively. Consistent with this role of
STP13, the introduction of functional STP13–
green fluorescent protein (STP13-GFP) (9) expressed
by native STP13 regulatory DNA sequences elimi-
nated the elevated apoplastic glucose levels of
stp1 stp13 plants in response to flg22 (fig. S2C).
Nevertheless, STP1 and STP13 seem to work
redundantly in antibacterial defense, given the
enhanced susceptibility of stp1 stp13 double mu-
tants, but not stp13 single mutants, to Pst DC3000
(Fig. 1A, left). STP1-mediated activity may com-
pensate for the absence of STP13 by absorbing
monosaccharide beyond the threshold required
for bacterial suppression. Indeed, simultane-
ous loss of STP1 and STP13 caused significantly
lowered monosaccharide uptake with or with-
out flg22 application (Fig. 1B), which probably
led to the enhanced susceptibility of stp1 stp13
plants.
The STP13 dependence of flg22-induced mo-

nosaccharide uptake prompted us to explore the
molecular mechanisms for regulation of STP13
activity during antibacterial defense. We found
that STP13, but not STP1, expression was induced
in response to flg22 (fig. S3). The abundance of
STP13-GFP also rose in seedlings and mature
leaves after flg22 application (Fig. 1C and fig. S4).
STP13-GFP fluorescence spread at the plasma
membranes of epidermal and mesophyll cells
after flg22 application but was detected mainly
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Fig. 1. Sugar trans-
porters STP1 and
STP13 contribute to
antibacterial
defense, and STP13
activity is induced in
response to flg22.
(A) Growth of spray-
inoculated Pst
DC3000 (black) or
syringe-inoculated Pst
DC3000 DhrcC (gray)
in Arabidopsis leaves.
Results are means ± SE,
n = 5 biological repli-
cates (*, P < 0.05
compared to the
corresponding values of
WTplants in two-tailed
t tests). (B) 14C-labeled
monosaccharide uptake activity in Arabidopsis seedlings 24 hours after
water (mock, white) or 4 mM flg22 (black) application. Results are means ±
SE, n = 3 (*, P < 0.05 compared to the corresponding values of each mock
treatment; ▲, P < 0.05, ▲▲, P < 0.005, ▲▲▲, P < 0.0005 compared to the
corresponding values of mock-treated WTplants; two-tailed t tests). Fw, fresh
weight of seedlings. (C) Anti-GFP immunoblot analysis for STP13-GFP in

Arabidopsis seedlings exposed to water (mock) or 0.5 mM flg22. Numbers
below the immunoblot represent relative intensities of STP13-GFP bands, nor-
malized to backgrounds in Ponceau S-stained loading controls (bottom) and
with the 0-hours mock treatment value set as 1.0. (D) GFP fluorescence of
STP13-GFP in Arabidopsis seedlings exposed to water (mock) or 0.5 mM flg22
for 10 hours. Red fluorescence indicates autofluorescence of chloroplasts.
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to guard cells upon mock treatment (Fig. 1D).
Thus, STP13 was transcriptionally activated dur-
ing antibacterial defense.
Posttranslational modifications, including phos-

phorylation, can also modulate transporter activ-
ity (14), and to investigate such modification of
STP13 during antibacterial defense, we first iden-
tified STP13-interacting proteins. The initiation
of plant immunity occurs when exogenous or
endogenous immune elicitors are perceived by
pattern-recognition receptors (PRRs) at the plas-
ma membrane (15), where STP13 is also local-
ized. We tested whether STP13 associates with
PRRs by coimmunoprecipitation (co-IP) analysis,
using a transient expression system in Nicotiana
benthamiana. STP13-FLAG coimmunoprecipi-
tated with GFP fusions of FLS2 and two other
PRRs, elongation factor–Tu receptor (EFR) and
Pep receptor 1 (PEPR1), which recognize the
elf18 peptide of bacterial elongation factor–Tu
and the endogenous elicitor-active Pep peptides,
respectively (15, 16) (fig. S5), but did not coim-
munoprecipitate with the GFP fusion of the plasma
membrane marker protein low-temperature–
inducible 6b (LTI6b) (fig. S5), indicating the spec-
ificity of STP13 interactions with these PRRs at
the plasma membrane. Upon ligand perception,
these PRRs associate with another LRR-RK,
BRASSINOSTEROID INSENSITIVE 1–associated
receptor kinase 1 (BAK1), which triggers the acti-
vation of downstream factors including the
receptor-like cytoplasmic kinase botrytis-induced
kinase 1 (BIK1) through trans-phosphorylation
events (15). We found that BAK1–hemagglutinin
epitope (BAK1-HA), as well as FLS2-HA, associated
with STP13-FLAG in Arabidopsis protoplasts,
whereas BIK1-HA did not (Fig. 2A). Moreover,
STP13-GFP associated with FLS2 and BAK1 in
mock-treated and 10-hour flg22-treated stable trans-
genic plants (Fig. 2B and fig S6); an FLS2-BAK1
association was also detectable 10 hours after
flg22 application (fig. S7). From these interaction
data, we infer that STP13 exists in complexes with
FLS2 and/or BAK1, irrespective of their ligand-

dependent activation states. The results suggest
that STP13 participates in various PRR complexes,
each of whichmay directly regulate STP13 activity
during antibacterial defense.
We next asked whether STP13 is phosphoryl-

ated by PRR complexes in vitro. In multipass
transmembrane proteins such as transporters,
the longer cytoplasmic regions tend to be phos-
phorylated (17). We tested whether two STP13
fragments, the middle loop (ML, located between
the sixth and seventh transmembrane domains)
and the C-terminal tail (CT), expressed as gluta-
thione S-transferase (GST) fusions in Escherichia
coli, could be phosphorylated (fig. S8, A and B).
A maltose-binding protein (MBP) fusion to BAK1
cytoplasmic kinase domain (CD) phosphorylated
GST-STP13 CT but not GST-STP13 ML. Neither
MBP-PEPR1 CD nor MBP-BIK1 phosphorylated
STP13 fragments in vitro (fig. S8C). We used
PEPR1 CD for this assay because FLS2 CD shows
weak in vitro kinase activity (18). Several serine
and threonine residues occur in the STP13 CT
fragment (Fig. 2C, top), including the previously
reported serine (S) phosphorylation site S513
(17). Although we substituted S513 with a non-
phosphorylatable alanine (A) residue, MBP-BAK1
CD still phosphorylated GST-STP13 CT (S513A)
(Fig. 2C, left). By contrast, BAK1-mediated STP13
phosphorylation was reduced by alanine substi-
tution at threonine 485 (T485) but unaffected
by alanine substitutions at S517, S523, and T524
(Fig. 2C). We concluded that BAK1 phosphoryl-
ates STP13 at T485. The corresponding residue
was conserved in STP13 orthologs of other plant
species (fig. S9A), but rarely among Arabidopsis
STP homologs (fig. S9B), implying that critical
and specific regulation of STP13 occurs through
T485 phosphorylation in plants.
To examine whether T485 phosphorylation

affects the transporter activity of STP13, we
tested the function of STP13 (T485D)-GFP, in
which T485 was substituted with a phospho-
mimic aspartic acid (D) residue. When intro-
duced to a yeast strain deficient in multiple

monosaccharide transporters, STP13 (T485D)-
GFP promoted yeast growth on 10 mM glucose,
more so than did STP13-GFP, although this en-
hancement became less clear at lower glucose
concentrations (fig. S10, A and B). In addition,
STP13 (T485D)-GFP yeast cells absorbed more
14C-labeled monosaccharides than did STP13-
GFP cells (Fig. 3A and fig. S10C). On the other
hand, the T485A substitution did not affect mono-
saccharide uptake activity (Fig. 3A), indicating
that basal sugar transport activity of STP13 is
insensitive to the T485A substitution. Protein
accumulation and intracellular localization of
STP13 were unaffected by the T485D substi-
tution (fig. S10, D and 0E), which suggests that
the T485D substitution affects STP13 transpor-
ter activity per se. We observed a low affinity
[Michaelis constant (Km), 121.3 ± 6.3 mM] and
high capacity (Vmax value, 8.5 ± 0.6 nmol/10 min)
of STP13 (T485D)-GFP cells for glucose, com-
pared with a Km of 71.7 ± 3.6 mM and a Vmax of
3.3 ± 0.3 nmol/10 min of STP13 (T485A)-GFP
cells (fig. S10F).
To test whether T485 phosphorylation also

affects STP13 activity in planta, we measured
flg22-induced glucose uptake in STP13-GFP and
STP13 (T485A)-GFP plants in the stp1 stp13
background. Although the T485A substitution
did not affect STP13 activity in yeast cells or in
nonelicited plants (Fig. 3, A and B), it reduced
flg22-induced glucose uptake activity in plants
(Fig. 3B). Protein accumulation in STP13-GFP
and STP13 (T485A)-GFP plants was comparable
(fig. S11). We concluded that STP13 underwent
phosphorylation at T485 in response to flg22,
which enhanced its sugar transport capacity.
Glucose uptake in response to flg22 also increased
somewhat in STP13 (T485A)-GFP plants (Fig. 3B),
probably via transcriptional induction. Thus,
STP13 activity is regulated at transcriptional
and posttranslational levels during antibacterial
defense.
We investigated the contribution of STP13

T485 phosphorylation to antibacterial defense.
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Complementation of stp1 stp13 mutant plants
with STP13-GFP restored resistance to bacterial
infection to WT levels (Fig. 3C), whereas the
alanine-substituted version, STP13 (T485A)-GFP,
was ineffective. Thus, regulation of STP13 activ-
ity through T485 phosphorylation is required
for the plant to suppress bacterial proliferation.
Pathogens coordinate virulence factor expres-

sion in response to localized environments in
their hosts. In the case of phytopathogenic bac-
teria such as Pst DC3000, T3SS regulatory cas-
cades are activated via recognition of external
sugars (19, 20). We speculated that reduced su-
gar uptake activity in stp1 stp13 plants might
therefore augment bacterial effector delivery into
plant cells. To test this hypothesis, we inoculated
plants with bacteria expressing the T3SS effector
avrPto fused to adenylate cyclase (Cya) (21), which
produces cyclic adenosine 3′,5′-monophosphate
(cAMP) only when delivered into eukaryotic cells.
We observed higher cAMP levels in stp1 stp13
plants than in WT plants, without increased
bacterial growth (Fig. 3D and fig. S12), indicat-
ing elevated effector delivery in stp1 stp13 plants.
Introduction of STP13-GFP, but not STP13 (T485A)-
GFP, reversed this trend (Fig. 3D). We conclude
that phosphorylation-dependent regulation of
STP13 activity suppresses bacterial effector deli-
very. The likely mechanism is that STP13 reduces
sugar content in the apoplast, resulting in limited
bacterial T3SS activation.
Our findings illuminate a critical role for su-

gar transporter regulation during bacterial chal-
lenge (fig. S13). Stimulation of STP13 activity
suppresses bacterial effector delivery (Fig. 3D),
thereby reducing bacterial virulence. Moreover,

the elevated growth of DhrcC strain, which is
defective in T3SS effector delivery, in the apo-
plast of stp1 stp13 plants (Fig. 1A, right) suggests
that apoplastic sugars represent an energy source
for bacterial proliferation. Phytopathogenic bac-
teria exploit various host-derived metabolites, in
addition to sugars, as energy sources or sig-
naling molecules (22, 23). Regulation of metab-
olite uptake upon recognition of microbial
molecules may thus emerge as a key host defense
strategy to restrict pathogen proliferation.
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Fig. 3. Regulation of STP13 activity by
T485 phosphorylation is required to
suppress bacterial proliferation, partly
by limiting virulence factor delivery.
(A) 14C-labeled monosaccharide uptake
assay in yeast cells. Results are means ±
SE, n = 3 (*, P < 0.05 in two-tailed t tests
compared to the corresponding values of
STP13-GFP cells). (B) Glucose uptake
activity in Arabidopsis seedlings 24 hours
after water (mock, white) or 4 mM flg22
(black) application. Results are means ±
SE, n = 3 (*, P < 0.05, compared to the
corresponding values of each mock
treatment; ▲, P < 0.05, compared between
indicated values; two-tailed t tests).
(C) Growth of spray-inoculated Pst
DC3000 in Arabidopsis leaves. Results are
means ± SE, n = 5 (*, P < 0.05 compared to
the values of WT plants using two-tailed
t tests). (D) cAMP amounts in Arabidopsis
leaves at 10 hours after spray inoculation
with Pst DC3000 (avrPto-Cya). Results are
means ± SE, n = 4 (*, P < 0.05 compared to
the corresponding values of WT plants
using a two-tailed t test).
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RIBOSOMES

The cryo-EM structure of a
ribosome–Ski2-Ski3-Ski8
helicase complex
Christian Schmidt,1 Eva Kowalinski,2 Vivekanandan Shanmuganathan,1

Quentin Defenouillère,3,4 Katharina Braunger,1 André Heuer,1 Markus Pech,1

Abdelkader Namane,3 Otto Berninghausen,1 Micheline Fromont-Racine,3

Alain Jacquier,3 Elena Conti,2* Thomas Becker,1* Roland Beckmann1*

Ski2-Ski3-Ski8 (Ski) is a helicase complex functioning with the RNA-degrading exosome
tomediate the 3′-5′messenger RNA (mRNA) decay in turnover and quality-control pathways.We
report that the Ski complex directly associates with 80S ribosomes presenting a short mRNA 3′
overhang.Wedetermined the structureof an endogenous ribosome-Ski complexusingcryo–electron
microscopy (EM) with a local resolution of the Ski complex ranging from 4 angstroms (Å) in the
core to about 10 Å for intrinsically flexible regions. Ribosome binding displaces the autoinhibitory
domain of the Ski2 helicase, positioning it in an open conformation near the ribosomal mRNA entry
tunnel.We observe that themRNA3′ overhang is threaded directly from the small ribosomal subunit
to the helicase channel of Ski2, primed for ongoing exosome-mediated 3′-5′ degradation.

T
he translation and decay of eukaryotic
mRNAs are mutually interdependent pro-
cesses in the life cycle of a transcript. Beyond
the general observations that translational
efficiency inversely correlates with decay

rates, there is increasing evidence of close links
between the ribosome and ribonuclease com-
plexes (1). The best-characterized example is the
translation-dependent degradation of defective
transcripts in mRNA surveillance pathways (2).
A hallmark of these pathways is the intermittent
pausing or stalling of ribosomes at faulty features
in the message, such as the presence of a pre-
mature stop codon in nonsense-mediatedmRNA
decay (NMD), a sequence that inhibits transla-
tion elongation in no-go decay (NGD) or an un-
natural end in nonstop decay (NSD) (2). Another
hallmark of surveillance pathways is that decay
is often initiated by an endonucleolytic cleavage
of ribosome-associated mRNAs (2, 3), followed
by rapid degradation in the 3′-5′ direction by the
exosome or in the 5′-3′ direction by Xrn1 (4). In
contrast, mRNA turnover generally starts with
the shortening of the poly(A)-tail before pro-
ceeding with the exosome or with Xrn1 after re-
moval of the 5′ cap structure (4). Recent studies in
Saccharomyces cerevisiae (5–7) and Drosophila
melanogaster (8) have shown that decapping and
5′-3′ degradation of the bulk of mRNAs can also

occur on polysomes. However, direct physical
links between the translation and degradation
machineries are currently unknown.
In the 3′-5′ decay pathways, the exosome func-

tions together with the Ski2-Ski3-Ski8 (Ski) com-
plex (4). The Ski complex is built around ahelicase
with 3′-5′ RNA unwinding activity (Ski2) that is
thought to feed the unwound RNA 3′ end to the
exosome (9). The Ski and exosome complexes are
evolutionarily conserved from yeast to humans.
In S. cerevisiae, their interaction is mediated by
a bridging factor, Ski7 (10). Ski7 also contains a
guanosine triphosphate (GTP) binding domain
with a specific function in NSD (11, 12) and with
striking similarity to Hbs1 (13, 14), a translational
guanosine triphosphatase (GTPase) that together
with Dom34 and ABCE1 triggers dissociation of
stalled ribosomes in NSD and NGD (2). These
observations have led to a model in which Ski7
binds ribosomes undergoing NSD and recruits
the Ski-exosome complex to degrade the associ-
ated mRNAs (11, 12, 15). This model, however, still
lacks direct experimental evidence.
We set out to investigate whether and how

the Ski proteins associate with ribosomes. We
analyzed polysome gradients from yeast strains
expressing tandem-affinity-purification (TAP)–
tagged versions of Ski7 and of the scaffolding
subunit of the Ski complex, Ski3 (table S1), which
were tested for activity in a nonstop reporter
decay assay (fig. S1A). Surprisingly, Ski7 accumu-
lated in the low-molecular-weight fractions of the
gradient and did not comigrate with ribosomes
(Fig. 1A). In contrast, Ski3 was distributed across
the gradient, with a prominent peak at the 80S
ribosome fractions. Upon ribonuclease (RNase)
treatment, the polysome profile collapsed into a
single monosome peak where essentially all Ski3
cosedimented (Fig. 1A). This indicated that the
Ski complex interacts directly with ribosomes, and
we speculate that 80S ribosomeswith shortmRNA

overhangs as generated by our RNase treatment
serve as preferred substrates for the Ski complex.
Next, we used a nonstop reporter gene with an

N-terminal Protein A tag (Fig. 1B) (16) to allow
purification of the ribosome nascent chain com-
plex (RNC) and expressed it in yeast strains lacking
SKI7 and either HBS1 or DOM34 (table S1) to
stabilize themRNAand toprevent stalled ribosomes
from being dissociated (3, 11, 12). Estimating the
relative abundance of proteins by label-free mass
spectrometry, we found that all three subunits of
the Ski complexwere enriched in the 80S ribosome
fractions as compared to the total eluate (Fig. 1C
and fig. S1B). We conclude that yeast ribosomes
that are stalled on nonstop mRNAs associate with
the subunits of the Ski complex in the absence of
Ski7 and Dom34 or Hbs1.
We purified endogenous ribosome–Ski complexes

from wild-type yeast strains with TAP-tagged Ski3
(fig. S1C and table S1) and collected cryo–electron
microscopy (cryo-EM) data. After thorough three-
dimensional classification (fig. S2), we obtained a
stable class that could be reconstructed to an
average overall resolution of 3.8 Å (Fig. 2, A and
B, and fig. S3A). Local resolution of the Ski com-
plex ranged from 4 Å in the core part to ~10 Å for
intrinsically flexible regions (fig. S3B). We as-
sembled a near-complete atomic model for the
ribosome and the Ski complex (fig. S3, C to E,
and table S2), based on known high-resolution
crystal structures (9, 17, 18) that were particularly
useful in the peripheral low-resolution regions
(fig. S3B). The refinedmodel (fig. S3D and table S3)
also includes 34 nucleotides of mRNA, A- and P-
site tRNAs, and eIF-5A in the ribosomal E-site (19).
The Ski complex specifically recognizes the

small ribosomal subunit (40S) (Fig. 2, A to C). It
binds near the entry of the mRNA tunnel and
bridges the 40S head with the body and beak
regions (Fig. 2C and fig. S4). The overall struc-
ture of the Ski complex is similar to that pre-
viously described (9). It binds the ribosome via
the Ski2 helicase, the N-terminal arm of the tetra-
tricopeptide repeat (TPR) protein Ski3, and one
copy of theWD40protein Ski8 (Ski8OUT), whereas
the second copy of Ski8 (Ski8IN) andmost of the
C-terminal part of Ski3 face the solvent. Ski8OUT
is sandwiched between Ski3 and the 40S platform
proteins uS2, uS5, and eS21 (Fig. 2D and fig. S4A).
The DExH helicase core of Ski2 uses the RecA2
domain to bind the 40S between the shoulder
at ribosomalRNA (rRNA) helix h16 (fig. S4B) and
the head at the uS3 and eS10 proteins (Fig. 2E),
while the RecA1 and helical domains remain en-
gaged with the rest of the Ski complex (Fig. 2C).
Finally, the so-called arch or insertion domain
of Ski2 that protrudes from the helicase core
(17) interacts with the head of the 40S at uS3,
uS10, and rRNA helix h41 (Fig. 2F and fig. S4C).
In a similar way, the closely related nuclear helicase
Mtr4 is recruited to preribosomal targets by
the interaction of its arch domain with specific
adaptor proteins for exosome-mediated rRNA
processing (20).
Both the ribosome and Ski complex undergo

conformational changes upon binding (fig. S5).
In the 40S, rRNA helix h16 adopts an unusually
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bent conformation (fig. S5A). Compared with pre-
vious crystal structures (9, 17), the N-terminal arm
of Ski3 moves about 30 Å (fig. S5B) into a more
open conformation as it approaches the beak
protein eS12 (fig. S4D). The arch domain of Ski2
flexes about 30° [60° compared with Mtr4 (21)]
as it moves away from the RNA helicase channel
entry (fig. S5C). Thus, ribosomebinding changes the
conformation of the two structural elements pre-
viously shown to autoinhibit the RNA-dependent
adenosine triphosphatase (ATPase) activity of the
Ski complex (9). The cryo-EM reconstruction shows
density for an mRNA molecule binding in the

canonical path of the 40S. The mRNA exits the
ribosome through a constriction formed by uS3,
uS5, and eS30 (Fig. 3A and fig. S6A); crosses a
narrow crevice about 15 Å in length; and contacts
a basic loop protruding from the RecA2 domain
of Ski2 (residues 545 to 606) (Fig. 3B and fig. S6A).
After this flexible segment, the mRNA threads
through an opening formed between the helical
and RecA2 domains of Ski2 (Fig. 3B). Here, at the
so-called unwinding b-hairpin (17, 21), the ribo-
nucleotide chain bends as it enters the helicase
channel (Fig. 3B and fig. S6, B and C). In the Ski2
channel, four nucleotides follow the same path
previously observed in Mtr4 (fig. S6C) (21).
The structural analysis indicates that the 3′

overhang of the ribosome-associated mRNA pro-
vides additional intermolecular contacts and has
the appropriate geometry for channeling the RNA
3′ end into the Ski complex. We tested this model
in RNase protection assays in vitro using different
Ski2mutants (RecA2basic loop deleted ormutated)

(fig. S7, A and B). The accumulation of protected
9- to 10-nucleotide-long fragments characteristic
of the wild-type complex (9) decreased with the
Ski2 mutants, suggesting that the RecA2 loop
contributes to RNA binding even in the absence
of ribosomes. Furthermore, we prepared stalled
RNCswith 3′mRNAoverhangs of different length
(0, 10, 20, or 50 nucleotides) (fig. S7C) and per-
formed binding assays. Consistent with our poly-
some gradients after RNase treatment and with
the structural data, binding of the Ski complex
was increased when using RNCs with overhangs
of 10 to 20 nucleotides (fig. S7D). Additionally,
ribosome footprint analysis of the endogenous
ribosome-Ski complexes (table S1) revealed a
length distribution of protectedmRNA fragments
with not only the 28- to 30-nucleotide (nt) peak
for ribosomes alone (22) but also a second peak
with extended fragment length between 35 and
42 nt (Fig. 3C), consistent with the expected addi-
tional protection by the Ski complex (9). We
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further analyzed the associated mRNAs of the
endogenous ribosome-Ski complexes by targeted
ribosomal profiling (fig. S8). When assessing the
positions of the mRNA reads along the open
reading frames (ORFs), we found a significant
decrease in fragment numbers toward the 3′ end
as compared with the even distribution observed
in the control samples (Fig. 3D). When assessing
the codon frequency of the ORFs, we found an
enrichment in nonoptimal (destabilizing) codons
(Fig. 3E),which are generally connected to shorter
half-lives and faster decay of transcripts (23). These
data argue in favor of the ribosome-Ski complexes
being engaged in ongoing 3′-5′ mRNA degrada-
tion, consistent with the idea of the Ski complex
channelingRNAs directly to the exosome for 3′-5′
degradation.
Our study suggests a model whereby a stalled

ribosome-Ski complex recruits a preassembled

exosome-Ski7 complex (15) to degrade its asso-
ciatedmRNA (fig. S9). Because there are fewer Ski
complexes than ribosomes in the cell (24), it is
tempting to speculate that appropriate targeting
of the Ski and exosome complexes might involve
a short 3′mRNAoverhang on the ribosome. Such
targets would be expected, for example, in co-
translational quality-control pathways charac-
terized by an endonucleolytic cleavage in the
vicinity of the ribosome (2). For 3′-5′ degradation,
themRNAhas to be extracted and, eventually, the
ribosome needs to be recycled. Our ribosome-Ski
complex is likely a transient intermediate whereby
the mRNA has not been extracted from the ri-
bosome due to the lack of adenosine triphosphate
(ATP) (required for Ski2 helicase activity) or the
lack of other factors (such as the exosome). Al-
though the exact series of events remains to be
established, we note that the ribosome surfaces

used to interact with translational GTPases such
as Hbs1 or the ribosome recycling ATPase ABCE1
(2) are accessible in the Ski-bound ribosome.
Finally, an early study showed evidence that the
human ortholog of Ski2 colocalizes with 40S sub-
units and 80S ribosomes in HeLa cells (25), sug-
gesting that analogous ribosome-Ski complexes
are likely to exist in higher eukaryotes. Thus, the
direct linkbetween the translationand3′-5′degrada-
tion machineries that we identified in S. cerevisiae
might operate broadly in different mRNA decay
pathways and in different species.
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STRUCTURAL BIOLOGY

The structure and flexibility of
conical HIV-1 capsids determined
within intact virions
Simone Mattei,1,2 Bärbel Glass,3 Wim J. H. Hagen,1

Hans-Georg Kräusslich,2,3 John A. G. Briggs1,2*

HIV-1 contains a cone-shaped capsid encasing the viral genome.This capsid is thought
to follow fullerene geometry—a curved hexameric lattice of the capsid protein, CA, closed
by incorporating 12 CA pentamers. Current models for core structure are based on
crystallography of hexameric and cross-linked pentameric CA, electron microscopy of
tubular CA arrays, and simulations. Here, we report subnanometer-resolution cryo–electron
tomography structures of hexameric and pentameric CA within intact HIV-1 particles.
Whereas the hexamer structure is compatible with crystallography studies, the pentamer
forms using different interfaces. Determining multiple structures revealed how CA flexes
to form the variably curved core shell.We show that HIV-1 CA assembles both aberrant
and perfect fullerene cones, supporting models in which conical cores assemble de novo
after maturation.

H
IV-1 is initially produced as an immature,
noninfectious particle with themain struc-
tural protein Gag forming a membrane-
associated protein layer. Cleavage of Gag
separates individual domains, leading to

morphological conversion into themature, infec-
tious virion. The cleaved CA protein, consisting of
two a-helical domains connected by a flexible

linker, assembles into a conical core encasing the
viral genome (1–4). The core has been suggested
to constitute a fullerene cone: a lattice of CA
hexamers that flexes to accommodate different
local curvatures on the conical surface, and
which is closed by insertion of five pentamers
toward the narrow end of the cone and seven
toward the broad end (5). The different core mor-

phologies seen in a minority of HIV-1 particles
and in other retroviruses can be modeled as ful-
lerene structures in which different distributions
of thepentamers determine the overall shape (5,6).
The structure of the mature hexameric assem-

bly of CA has been studied by using recombinant
CA assembled into tubular arrays for cryo–electron
microscopy (cryo-EM) (7, 8) and by x-ray crystallog-
raphy of mutant, cross-linked CA (9) or wild-type
CA in a hexameric lattice (10). The 10-nmhexamer-
hexamer spacing in these arrays matches that
detected in cores purified from intact viruses (11).
Themature CAhexamer consists of a central ring
formed by the N-terminal domains of CA (NTD),
and an external ring formed by the C-terminal
domains of CA (CTD) that links hexamers togeth-
er. The x-ray structure of a CApentamer, stabilized
by targeted insertion of cysteine residues, was
found to be quasi-equivalent to the hexamer (12).
Models for the core have been generated by ar-
ranging hexamers and pentamers into cones
resembling those seen in vivo and subjecting
these arrangements to coarse-grained (13) and
all-atom molecular dynamics (MD) simulations
(8). Thus, currently available structural informa-
tion about hexamers, pentamers, and cores derives
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Fig. 1.The structure of theCAhexamer. (A) Com-
putational slice through a representative tomo-
graphic reconstruction of HIV-1 virions. Scale bar,
100 nm. Inset shows a computational slice through
the top of the core in the boxed virion, indicating that
individual hexamers can be resolved. (B) Cryo-ET
reconstruction of the mature CA hexameric lattice
(gray isosurface) viewed from outside the core.
The final structuralmodel of the hexamer is shown,
with the NTD in cyan and the CTD in orange. One
monomer is highlighted inblue (NTD)and red (CTD).
(C) As in (B), viewed perpendicular to the lattice.
See also movie S1.
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from the analysis of crystals, in vitro assemblies,
and in silico simulations.
Here,we applied cryo–electron tomography (cryo-

ET) and subtomogram averaging to determine
the structure, arrangement, and flexibility of CA
within intact, wild-type HIV-1. Purified and in-
activated HIV-1 was vitrified and imaged by using
a dose-symmetric tilt scheme (14) (table S1 and
Fig. 1A). From reconstructed tomograms of 539
particles, 552 cores were identified and subtomo-
grams were extracted along the surface of the
cores. The subtomograms were subjected to a
reference-free, iterative alignment and averag-
ing procedure (15). From the aligned, motion-
corrected, dose-filtered, and contrast-transfer
function–corrected subtomograms, we generated
a final, sixfold symmetric structure of the hexa-
meric CA lattice within the virion core at 6.8 Å
resolution (Fig. 1, B and C, movie S1, and fig. S1).
We compared our reconstruction to the avail-

able crystal structures of hexameric CA (9, 10, 16)
and found the fully hydrated wild-type hexa-
meric crystal structure [Protein Data Bank (PDB)
4XFX] (10) to be the closest representation of the
hexameric CA lattice in intact HIV-1. CA mono-
mers taken from PDB 4XFX were flexibly fitted
into each of the CA densities in the EMmap (Fig.
1, B and C). The fitted structure preserves the
tertiary domain structures seen in the crystal,
whereas the relative positions of the domains have
undergone a slight rotation around the linker
connecting NTD and CTD to adapt from the flat
crystal lattice to the curved in-virus lattice (fig.
S2A). The presence of additional density within
the pore formed by the NTDs suggests that the
recently proposed binding site for deoxynucleoside
triphosphates (17) is occupied in the assembled
core (fig. S2, B and C).
To assemble a fullerene cone, the CA lattice

must bend to adopt different local curvatures—
more tightly curved at the tip than at the base of
the cone, and curved in one direction, but not in
the other, on the side of the cone. CA has pre-
viously been suggested to achieve this by modu-
lating the relative orientation of its two domains
(9, 10), by motion around the CTD dimer inter-
face (8), or by variability in the trimeric interface
formed by the CTD (18). To determine how CA
flexes in the viral cone, we calculated the tilt and
the twist between all pairs of neighboring hexa-
mers in our data set (Fig. 2A). We then classified
the pairs of hexamers according to the measured
angles (fig. S3) and determined the structure of
each class. In this way, we determined the struc-
tures, at subnanometer resolution, of 18 different
conformationswith different tilt and twist angles
(table S2, fig. S3, and movies S2 and S3). Into
each EMmap, we rigid-body fitted the NTDs and
CTDs that had resulted from the flexible fit into
the symmetrized hexamer.We found that tilt and
twist are accommodated by movements of the
NTD relative to the CTD around the flexible
linker (Fig. 2B), as well as by relative rotations
around the CTD dimer and trimer interfaces
(Fig. 2, C and D). In all cases, the main range of
these movements was considerably smaller than
previously suggested (8, 10, 18) (fig. S4). We con-

clude that variable curvature is achieved by small
structural movements in CA that are distributed
over multiple CA-CA interfaces.
Forming a fullerene cone requires that the capsid

incorporates 12 pentamers or pentameric defects.
We analyzed the positions and arrangements of
hexamers to identify the position and the orien-
tation of pentamerically coordinated positions in
the lattice. We extracted subtomograms at these
positions and averaged them directly to generate
a low-resolution structure in which a CA penta-
mer was clearly visible (fig. S5A), demonstrating
that pentameric CA is present in the HIV-1 core.
After further iterative alignment and averaging,
we obtained a structure of the pentamer within
HIV-1 at 8.8 Å resolution (Fig. 3, A and B, movie
S4, and fig. S1).WeplacedCAmonomers fromour
final hexameric CA structure into the pentameric
EM map and flexibly fit them into the map to
produce a structural model for the pentamer
(Fig. 3, A to C).
Notably, the structure differs appreciably from

the available crystal structure of in vitro cross-

linked pentameric CA (12). The NTDs, organized
around the fivefold axis, have undergone a rota-
tion of ~19° relative to the hexameric conforma-
tion that excludes helix 3 from the interprotomer
interface, resulting in a central 10-helix bundle
where helix 1 interacts with helix 2 in the neigh-
boring protomer (Fig. 3, C and D). Despite this
difference, as in the crystal structure, the five
arginine 18 residues are in close proximity in the
center of the bundle, consistent with a proposed
role for the charge state of arginine 18 in reg-
ulating the hexamer to pentamer transition (12).
The relative positions of the CA domains have
also changed, leading to a different NTD-CTD in-
terface in the in-virus pentamer than in the cross-
linked pentameric CA and the in-virus hexamer
(Fig. 3E and movie S5). In the in-virus pentamer,
the loop between helices 3 and 4 sits above
helix 8 of the neighboring CTD, whereas the C-
terminal part of helix 7 and a few residues from
the NTD-CTD linker interact with helix 11 of the
neighboringCTD.As a result, the pocket that exists
in the hexamer between the two CA domains
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Tilt Twist

Fig. 2. Structural flexibility in the CA hexameric lattice. (A) The distribution of tilt (left column) and
twist (right column) angles between hexamers within a single core.The tilt/twist angle is indicated by the
color of the connecting lines between hexamer positions from blue (low/negative values) to red (high/
positive values). Insets showa schematic illustration of tilt and twist angles. (B toD) The flexibility in theCA
lattice that accommodates different tilts and twists is illustrated by superimposing the CA domains from
structures determined with tilt angles from –1 ± 3° to 29 ± 3°, and twist angles from –12 ± 3° to 12 ± 3°,
color-coded as in (A), for (B) the monomer, (C) the CTD dimeric interface, and (D) the trimeric CTD
trimeric interface. See also movies S2 and S3.
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Fig. 3. The structure of the CA pentamer.
(A) Cryo-ET reconstruction of the CA pentamer
(gray isosurface) viewed from outside the core.
The final structural model of the core pentamer is
shown with the NTD in cyan and the CTD in orange.
One monomer is highlighted in blue (NTD) and
red (CTD). (B) As in (A), viewed perpendicular to the
lattice. See also movie S4. (C) Our structural model
of the pentamer, for comparison to (D) the crystal
structure of the pentamer (PDB 3P05). (E) Com-
parison of the NTD-CTD interface in the pentamer
(cyan/red), and in the pentamer crystal structure
(magenta). (F) Two adjacent monomers within our
in-virus pentamer, with one shown as a surface view.
To illustrate how the NTD-CTD interface is opened
up in the pentamer compared to the hexamer, the
residues involved in the CPSF6 binding interface are
colored in gray. (G) As in (F) for the two adjacent
monomers in the cross-linked pentameric crystal
structure. (H) As in (F) for two adjacent monomers
in our hexamer. See also movie S5.
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Fig. 4. The arrangement of hexamers and pen-
tamers in cores. (A) Computational slices through
the tomographic reconstructions of four HIV-1 par-
ticles, twowith complete conical cores (left columns),
and two with incomplete cores (right columns).
Other cores are illustrated in fig. S7. (B) As in (A),
superimposed with the position and orientation of
each aligned hexameric and pentameric unit, re-
vealing the fullerene structure.TheCTDsare colored
gray; the NTDs of the hexameric units are colored
according to the quality of their alignment from red
(for low cross-correlation values) to green (for high
cross-correlation values); theNTDsof the pentame-
ric units are depicted in blue. (C) Three views of the
cores.The number of copies of CA making up each
of the illustrated cores is shown. See alsomovie S6.

RESEARCH | REPORTS



and that is the binding site for cellular host fac-
tors is opened out, and theNTD face of the pocket
is exposed (Fig. 3, F to H).
By solving the pentameric structure, we also

visualized the interactions between the pentamer
and the neighboring hexamers.We found that the
pentamer-hexamer CA-CTD dimer interface is
similar to that in the interhexamer interface, but
that to accommodate the higher local curvature,
the three helices (helix 10) around the threefold
interface move closer together than in any of the
hexamer-hexamer interfaces (fig. S4F).
For a subset of 107 cores, we analyzed the over-

all distribution of hexamers and pentamers iden-
tified during subtomogramaveraging and applied
a further multireference alignment step to mini-
mize the number of false-negatives (Fig. 4 and
figs. S6 and S7). The cores were mostly conical,
but as expected, other morphologies were pres-
ent, including tubular, polyhedral, and triangular
shapes. Most of the cores showed one or more
local regions where the CA lattice was disrupted
or absent. These imperfections did not have char-
acteristic shape, size, or location and were ob-
served at the tip, side, and base of the core (Fig. 4
and fig. S7). We did not observe a recurrent seam
along the longitudinal axis of the cores (19). The
observed imperfections may represent assembly
defects, or may result from damage during virus
purification. In six cores, we observed complete,
hexameric lattices closed by the insertion of 12
pentamers—they were perfect fullerene structures
(Fig. 4, movie S6, and fig. S7) containing between
1122 and 1314 copies of CA. As predicted, the shape
of the cores varied according to the distribution
of pentamers. HIV CA is therefore able to as-
semble perfect, closed fullerene coneswithin virus
particles. Although it is currently unclear whether
imperfect cores can retain infectivity, we consider
it reasonable to assume that correct CA assembly
results in closed structures.
A recent report suggests that the core is formed

by rewrapping of the immature lattice in a non-
diffusional manner, leading to pseudo-fullerene
structures with strain defects such as seams (20).
Our observations are inconsistent with thismod-
el. In most models for core assembly, the im-
mature lattice disassembles uponmaturation and
the mature lattice assembles de novo from indi-
vidual CA molecules or small multimers (21–25).
Our observations are consistent with de novo
polymerization of CA in a reversible manner that
allows relaxation of the local structure during
assembly (13). This would permit formation of
perfect fullerene coneswith only small, distributed
changes in CA hexamer structure as observed
here. We found that at sites of high curvature,
pentamers are incorporated. These are stabilized
by different CA-CA interaction interfaces than
those in the hexamer.When perfect, the resulting
core is tightly closed, preventing access of cel-
lular components to the genetic material. On the
outside of the core, pentamer and hexamer ex-
pose different parts of the CA protein surface to
the cytoplasm during infection, which would
allow them to interact differently and specifically
with host cell factors.
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STRUCTURAL BIOLOGY

Translational termination without
a stop codon
Nathan R. James, Alan Brown, Yuliya Gordiyenko, V. Ramakrishnan*

Ribosomes stall when theyencounter the end ofmessenger RNA (mRNA)without an in-frame stop
codon. In bacteria, these “nonstop” complexes can be rescued by alternative ribosome-rescue
factor A (ArfA).We used electron cryomicroscopy to determine structures of ArfA bound to the
ribosome with 3′-truncated mRNA, at resolutions ranging from 3.0 to 3.4 angstroms. ArfA binds
within the ribosomal mRNA channel and substitutes for the absent stop codon in the A site by
specifically recruiting release factor 2 (RF2), initially in a compact preaccommodated state. A
similar conformation of RF2 may occur on stop codons, suggesting a general mechanism for
release-factor–mediated translational termination in which a conformational switch leads to
peptide release only when the appropriate signal is present in the A site.

I
n bacteria, 2 to 4% of mRNA transcripts lack
an in-frame stop codon as a result of faulty
transcription or nucleolytic cleavage (1). When
translated, the inability to recruit release fac-
tors causes ribosomes to stall at the 3′ end

of these “nonstop” transcripts. Translating ribo-
somes also stall at the 3′ end of intact transcripts
when a stop codon is either read through or by-
passed by translational frameshifting (2, 3). Be-
cause the accumulation of stalled ribosomes is
potentially lethal (4), bacteria have evolved var-

ious mechanisms to rescue these complexes (2, 3).
Trans-translation is the primary rescue mech-
anism, present in nearly all sequenced bacterial
species, and redirects ribosomes to resume trans-
lation on transfer-messenger RNA (tmRNA). The
reading frame of tmRNA encodes a degradation
signal with a stop codon, which results in both
recycling of the stalled ribosome and proteolysis
of the aberrant polypeptide. Trans-translation is
a promising target for antibiotic development
(4); however, any therapeutic approach would
need to circumvent the backup mechanisms of
alternative ribosome-rescue factors A (ArfA) and
B (ArfB), which can allow some species of bacteria
to survive in the absence of a functional trans-
translation system (2, 3).
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ArfA, in particular, acts as a fail-safe for trans-
translation in many bacterial species (5). In Esch-
erichia coli, ArfA can support continued growth
in the absence of trans-translation with few
phenotypic consequences (5, 6). Under normal
conditions, the arfA transcript is cleaved by ribo-
nuclease (RNase) III to produce a nonstop mRNA
substrate for trans-translation, resulting in the
truncated ArfA protein being tagged for degra-
dation (7–9), although a small constitutively ex-
pressed population of full-length ArfA may result
from the translation of uncleaved arfA tran-
scripts (7). When trans-translation is impaired or
overwhelmed, full-length ArfA may rescue the syn-
thesis of its truncated form. ArfA relieves stalled
ribosomes through a mechanism that requires
peptidyl-tRNA hydrolysis by release factor 2 (RF2)
but not the paralogous release factor 1 (RF1)
(10, 11). This is in contrast to ArfB, which shares
homology with the catalytic domains of these
release factors and is able to directly hydrolyze
peptidyl tRNA within stalled ribosomes (12).
To understand how RF2 functions with ArfA

instead of a stop codon, we solved the structure
of the E. coli ribosome programmed with a 3′-
truncated mRNA (figs. S1 and S2 and table S1),
and in complex with ArfA and RF2 (Fig. 1A) or
ArfA(A18T) and RF2 (Fig. 1B), by electron cryo-
microscopy to resolutions between 3.0 and 3.4 Å.
The amino acid substitution A18T (Ala18→Thr18)
abolishes the ability of ArfA to support peptidyl-
tRNA hydrolysis (5), although the mutant can
still bind and recruit RF2 to stalled ribosomes
(5, 11). The structures reveal two distinct con-
formations of RF2 on the ribosome and ex-
plain how ArfA specifically recognizes nonstop
complexes.
In both structures, ArfA interacts with the

decoding-center nucleotides G530 and A1492 of
the 16S ribosomal RNA (rRNA) (Fig. 2). A1492
is stacked within helix 44, interacting with ArfA
via the rRNA backbone, whereas A1493 is flipped
out and disordered. These nucleotides are un-
changed from their positions in an unoccu-
pied A site (Fig. 2A), suggesting that ArfA
specifically recognizes a vacant decoding center.
ArfA does not induce the remodeling of the
decoding center, in particular the flipping-out of
A1492, which occurs during stop-codon recog-
nition (Fig. 2D).
The C terminus of ArfA protrudes into the

otherwise-unoccupied mRNA channel down-
stream of the decoding center and, in agree-
ment with hydroxyl radical probing data (13),
contacts the rRNA that lines it (Fig. 3A). The
conserved KGKGS motif (fig. S3A, residues 34
to 37) forms an expansive helical turn within
the channel that may help to anchor ArfA to
the ribosome (Fig. 3B). Below the turn, ArfA
binds first to helix 1 of the 16S rRNA and then
to helix 18 on the opposite wall of the mRNA
channel (Fig. 3B). The C terminus beyond Gly46

exits through the channel entrance and makes
few contacts with the ribosome. This is consist-
ent with the last ~18 residues being truncated
as a result of RNase III cleavage and dispens-
able for ribosome rescue (8).

The positioning of the C-terminal tail suggests
that ArfA may discriminate against translating
ribosomes by recognizing vacant mRNA chan-
nels. A similar hypothesis has been proposed
for small protein B (SmpB), which is delivered
to the ribosome with tmRNA (14), and ArfB
(12). SmpB and ArfB both have C termini that
insert into the mRNA channel, although these
tails and their interactions with the ribosome are
distinct from that of ArfA (fig. S4). A discrimina-
tory role for the ArfA C terminus is consistent
with the marked decline of ArfA-dependent
peptide release as the 3′ length of mRNA in-
creases (11, 15). However, recent data have shown
that ArfA can bind ribosomes, and even recruit
RF2, regardless of the presence of mRNA in the
channel (13). This suggests that simultaneous
occupancy of the channel may be possible, but
only in the absence of mRNA can ArfA position
RF2 in a productive conformation for peptidyl-
tRNA hydrolysis.
The basis for RF2 recruitment is provided by

ArfA residues 25 to 30, which form a b-addition
motif with the b5 strand of RF2 domain 2 (Fig.
3C). Phe25 of ArfA protrudes into a conserved
hydrophobic pocket of RF2 formed by Val198

from the b4 strand and Phe217 from the b5 strand
(Fig. 3C). This pocket is absent in RF1 from all
known ArfA-containing species (fig. S3, B and C),
likely explaining the exclusivity of ArfA for RF2
(10, 11). The RF2 recognition loop between the
b4 and b5 strands that confers stop-codon speci-

ficity (16) faces the solvent and does not interact
with ArfA.
With wild-type (WT) ArfA, RF2 adopts an ex-

tended conformation that resembles the crystal
structures of release factors bound to stop codons
(16–20) (Fig. 1A). Consistent with a shared mech-
anism of catalysis for canonical and ArfA-mediated
termination, the catalytic GGQ motif of domain 3
is accommodated within the peptidyl-transferase
center (PTC) (Fig. 1A, inset). By contrast, RF2
adopts a compact conformation with ArfA(A18T)
that resembles the crystal structures of isolated
release factors (21–23), the only difference being
the position of domain 1. In this preaccommo-
dated conformation, domain 3 lies across an eight-
stranded b sheet formed by domains 2 and 4,
with the GGQ motif facing the anticodon arm
of the P-site tRNA approximately 60 Å from the
PTC (Fig. 1B).
A preaccommodated conformation of release

factors on ribosomes has previously been pro-
posed as an initial codon-sampling state during
stop-codon recognition (17, 18). This hypothesized
state rationalizes the compact release-factor form
seen in three different crystal structures (21–23)
and in solution by small-angle x-ray scattering
(SAXS) (23), although another SAXS study ob-
served only the extended conformation (24).
Further support for a physiological role of the com-
pact form comes from hydroxyl radical probing
(25) and fluorescence resonance energy transfer
(26) experiments that show discrete release-factor
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Fig. 1. Structures of nonstop complexes recognized by ArfA and ArfA(A18T). (A) Overview of the
bacterial ribosome with a 3′-truncated mRNA in complex with ArfA and RF2 (left). ArfA and RF2 occupy
the A site, with a nonhydrolyzable aminoacyl tRNA in the P site. RF2 adopts a similar conformation on
the ribosome with ArfA as with a UAA stop codon (right). The catalytic GGQ motif of RF2 domain 3 is
accommodated within the peptidyl-transferase center (PTC) (inset). (B) Overview of a nonstop complex
recognized by ArfA(A18T) (left). Preaccommodated RF2 resembles the isolated RF2 crystal structure
(Protein Data Bank ID 1GQE) (right). The GGQ motif faces the P-site tRNA. Movement of domain
1 results from contacts with the L7/L12 stalk base.
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conformations on the ribosome, depending on the
identity of the A-site codon. However, due to its
presumably transient nature, structural data
for a codon-sampling state are lacking.
Here, the preaccommodated conformation

results from the A18T substitution, which pre-
vents the interdependent folding of the ArfA
N terminus with the switch loop of RF2. The
switch loop connects the a7 helix of domain 3
with the b9 strand of domain 4 and has been
proposed to mediate accommodation during
canonical termination by undergoing a disorder-
to-order transition (19). In the mutant structure,

the RF2 switch loop and the first 14 residues of
ArfA are disordered. A18T is located within the
a helix of ArfA that packs against the central b
sheet of RF2 but faces away from the interface
(Fig. 4A). However, the ordered N terminus of WT
ArfA turns tightly to run antiparallel to this a
helix (Fig. 4B). Compared with alanine, a polar
threonine residue would be unable to pack
against Ile11 in this conformation (Fig. 4B). By
contrast, a hydrophobic A18C (Ala18→Cys18) sub-
stitution has little effect on ArfA activity (13).
The ordered N terminus of WT ArfA induces

conformational changes in the RF2 switch loop.

As also occurs in stop-codon recognition (16, 19),
the switch loop becomes partially a-helical, ex-
tending the a7 helix (Fig. 4B). This is followed
by a ~100° kink as the conserved Trp319 residue
interacts with ArfA at the RF2-specific hydro-
phobic pocket (Fig. 3C). An additional a-helical
turn leads into the b9 strand. Compression of
the switch loop draws the a7 helix, together
with the rest of domain 3, from its interface
with domain 2 such that the GGQ motif rises
and accommodates into the PTC (Fig. 4C).
Upon accommodation, there is also a ~10° ro-

tation of RF2 domains 2 and 4 (Fig. 4C), which
increases the interface with the ribosome by
25%. Together with a movement of the ArfA a
helix, these changes result in a tighter fit be-
tween ArfA, RF2, and the decoding center. The
decoding nucleotide A1492 of the 16S rRNA
switches from a syn to an anti configuration
within helix 44 (Fig. 2C) and stacks with A1913
at the apex of helix 69 of the 23S rRNA. This
may help to reposition helix 69, allowing C1914
to coordinate the turn adopted by ArfA resi-
dues 11 to 14 (Fig. 4B). The movement of domain
2 appears to pull domain 1, together with the L7/
L12 stalk base, into closer contact with the small
subunit, possibly stabilizing RF2 in its accom-
modated state (fig. S5A).
To further explore the interaction between

ArfA and the switch loop, we examined the com-
patibility of WT ArfA from E. coli with Thermus
thermophilus RF2 (TtRF2), which has a distinct
switch-loop composition (Fig. 4D). The structure
shows that, although TtRF2 is recruited to stalled
ribosomes through the conserved hydrophobic
pocket with ArfA, it adopts a compact conforma-
tion similar to that of E. coli RF2 recruited by ArfA
(A18T) (Fig. 4D), and the N terminus of ArfA
remains disordered. The inability to accommodate
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presumably results from clashes between ArfA
and the longer side chains of the TtRF2 switch
loop. Taken together, our structures demonstrate
that accommodation of RF2 is dependent on
switch-loop stabilization by the ArfA N terminus.
These switch-loop interactions appear to emu-

late the interactions between RF2 and the ribo-
some that result from stop-codon–dependent
rearrangement of the decoding center (Fig. 4E).
During canonical termination, the conserved tryp-
tophan of the switch loop stacks with flipped-out
A1492 while the a7-helix extension interacts di-
rectly with helix 69, which adopts a different con-
formation when A1492 is flipped out (16, 20).
The delivery of RF2 in a preaccommodated

state, followed by a conformational switch that
depends on specific changes in the decoding
center, shares many parallels with the univer-
sal elongation (27) and eukaryotic termination
pathways (28) (fig. S5, B and C). Both aminoacyl
tRNAs and the structurally unrelated eukaryotic
release factor 1 (eRF1) adopt preaccommodated
conformations during codon sampling that pre-
vent premature engagement of reactive groups
with the PTC before accommodating into the
PTC upon codon recognition. A similar pathway
for bacterial release factors is consistent with
a 4000-fold difference in dissociation rates be-
tween stop and sense codons, despite similar
association rates (29), and may explain the ac-
curacy of termination in bacteria (~10−5), which

is comparable to the fidelity of aminoacyl-tRNA
selection (30).
In summary, our structures reveal themechanism

of ArfA-mediated ribosome rescue on 3′-truncated
mRNA and provide insights into how a conserved
conformational switch might maintain the accu-
racy of translational termination in bacteria.
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and facing the P-site tRNA. Superposition with accommodated RF2 (outlined)
reveals that all four domains move during accommodation. (D) TtRF2 has a
switch-loop composition (top) incompatible with ArfA and adopts a pre-
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PROTEIN ENGINEERING

Engineering extrinsic disorder to
control protein activity in living cells
Onur Dagliyan,1,2,3 Miroslaw Tarnawski,4 Pei-Hsuan Chu,3 David Shirvanyants,2

Ilme Schlichting,4 Nikolay V. Dokholyan,1,2* Klaus M. Hahn3*

Optogenetic and chemogenetic control of proteins has revealed otherwise inaccessible
facets of signaling dynamics. Here, we use light- or ligand-sensitive domains to modulate the
structural disorder of diverse proteins, thereby generating robust allosteric switches. Sensory
domains were inserted into nonconserved, surface-exposed loops that were tight and identified
computationally as allosterically coupled to active sites. Allosteric switches introduced into
motility signaling proteins (kinases, guanosine triphosphatases, and guanine exchange factors)
controlled conversion between conformations closely resembling natural active and inactive
states, as well as modulated themorphodynamics of living cells. Our results illustrate a broadly
applicable approach to design physiological protein switches.

P
roteins have been engineered to respond
to light or small molecules in living cells
through a number of mechanisms, includ-
ing oligomerization (1–4), control of target-
ing sequences (1, 5, 6), split proteins (2),

sterically blocking the active site (1, 7, 8), and
engineered allosteric control (9–13). Engineering
allostery has the potential to be especially versatile
and valuable, as sensory domains can be inserted
where they do not interfere with normal protein
interactions, more readily producing fully func-
tional analogs to replace endogenous protein. Al-
losteric sites have been identified by using both
screening approaches (10, 14) and rational anal-
ysis of sequence conservation (10, 11). A number
of domains, including the light-sensitive LOV2
domain (11) anddrug-responsive uniRapRdomain
(12, 13) used here, have been applied. Nonetheless,
it remains challenging to identify allosteric sites
by rational analysis and to produce reversible,
robust allosteric switches that have on and off
states that replicate natural levels of protein ac-
tivity. Here, we present a generalizable approach
to identify surface loops where the disorder of
the attached domain can be effectively transferred
to the active site in a controlled fashion (harnessing
extrinsic disorder) (9, 10, 12–15), to produce on
and off states that mimic naturally occurring
protein states.
In previous work, we identified an allosteric site

in kinaseswhere insertion of an engineered domain
(uniRapR) conferred rapamycin-induced kinase
activation (12, 13). Insertion of the uniRapRdomain
rendered kinases catalytically inactive until the
domain bound rapamycin (12, 13, 16). Molecular

dynamics simulations indicated that the protein
loop containing the insertion sitewasmechanically
coupled to the adenosine triphosphate–binding site
(13). We hypothesized that insertion of a light-
responsive domain at the same site could lead
to optogenetic control of kinases (Fig. 1A). We
chose the LOV2 domain because the 10 Å spacing
between its N and C termini enabled us to insert
the domainwithminimal perturbation into a loop
(Fig. 1B) that connects parts of a tightly folded struc-
tural unit (two interacting antiparallel b-strands).
The spacing between LOV2’s termini becomes
much more flexible upon irradiation, because of
disordering of terminal helices (17, 18); this could
perturb the conformation of the loop and the
b-strands. Introducingdisorder into the loopwould
cause protein inhibition, rather than the activa-
tion caused by rapamycin-induced folding of the
uniRapR domain (fig. S1). The light-induced con-
formational changes in LOV2 (3.8 kcal/mol of
free energy) (19) should be more than sufficient
to disorder portions of host proteins (fig. S2),
whose overall stabilities are on the order of 5 to
15 kcal/mol (20).
We focused on Src kinase because of evidence

that its activity is controlled by spatiotemporal
dynamics in vivo (16, 21). The LOV2 domain was
inserted at Gly296 (G296) of a constitutively active
Srcmutant (Phe535 replaces Tyr535; YF).Wenamed
the new Src analog PI-Src, for photo-inhibitable
Src. In vitro kinase activity assays revealed that
this LOV2-Src fusion was indeed strongly in-
hibited upon exposure to blue light (Fig. 1C).
Light had no effect on the activity of kinase
dead (KD) or constitutively active (YF) Src. In-
hibition was not sensitive to small variations in
linker length (fig. S3). To test PI-Src in living
cells, we generated SYF cells (cells lacking the
Src familymembers Src, Yes, and Fyn) expressing
PI-Src(YF). Phosphotyrosine blots of cell lysates
showed that irradiation inhibited phosphoryl-
ation of multiple Src substrates (Fig. 1C and fig.
S4). Consistent with Src’s reported roles in
motility (13, 16, 21), irradiation reduced migra-
tion rates and caused reversible collapse of

lamellipodia (fig. S5 and movie S1). Similar
effects were produced by the Src inhibitor PP2
(fig. S5 and movie S2).
To investigate how distortion of the insertion

loop led to a reduction in kinase activity, we built
a structural model of PI-Src, and examined its
light-induced conformational changes using dis-
crete molecular dynamics (22, 23). Although we
expected to observe randomly distorted conforma-
tions of PI-Src in the lit state, we saw instead that
theactive and inactive states of PI-Srcwere strikingly
similar to the crystal structures of active and in-
active wild-type (WT) Src (correlation coefficient =
0.82) (Fig. 1D). This suggested that irradiation
shifts PI-Src from its physiological active state
to a conformation strongly resembling Src’s native
inactive state (fig. S6).
The physiologically relevant conformations of

PI-Src raised the possibility of examining how
Src controls the motility of living cells. We gen-
erated SYF cells expressing PI-Src(WT). In the
dark, PI-Src(WT) showed the perinuclear distribu-
tion (Fig. 1E) typical of endogenous, inactive Src
(16). Upon irradiation, the PI-Src translocated to
focal adhesions at the cell periphery and induced
changes in cell morphodynamics (increased pro-
trusion and retraction, polarization, and polarized
movement in some cases) (movie S3). Returning
the cells to the dark reversed focal adhesion loc-
alization (Fig. 1E) but not effects on cell morpho-
dynamics (fig. S7). It is thought that Src localization
to focal adhesions is mediated by Src SH2-SH3
domains and is not dependent on kinase activity
(24, 25). The light-induced distortion of the cat-
alytic domain that inhibits the kinase may also
perturb autoinhibitory interactions, exposing the
SH2 and SH3 domains; this likely generated the
reversible focal adhesion localization we observed
and suggested that focal adhesion localization was
sufficient to affect cell morphodynamics even
without catalytic activity. In support of this hypothe-
sis, we found that PI-Src(KD) also translocated
reversibly to adhesions and induced changes in
morphodynamicsupon irradiationand that elimina-
tion of the SH2 and SH3 domains from PI-Src
(KD) prevented both focal adhesion localization
andeffects on cellmorphodynamics (fig. S7).Move-
ment away from focal adhesions, which occurred
30 to 40 s after irradiation was halted, indicated
that the conformational change of PI-Src was re-
versible in cells (fig. S7) and was consistent with
LOV2’s rate of return to the dark conformation
(t1/2 = 18.5 s at 37°C in cells) (26). In contrast,
effects on cell morphodynamics were retained for
>20 min after irradiation was halted, potentially
because of feedback kinetics and/or inactivation
pathways not involving Src.
Controlling protein activity via LOV2 insertion

would bemuchmore valuable if it could be readily
applied to multiple-protein families. We tested a
more generalizable approach by identifying an
allosteric site for LOV2 insertion in the Rho fam-
ily guanosine triphosphatase (GTPase) Rac1. We
focused on surface-exposed and evolutionarily
nonconserved loops to avoid possible structural
perturbations and askedwhether these loopswere
mechanically coupled to the active site. For the
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kinase analogs above, we found that both dynamic
coupling analysis (12) and a static contact map
analysis (figs. S8 and S9) were effective in iden-
tifying mechanically coupled loops. (The latter

offers a simpler approach accessible to many
laboratories.) Dynamic coupling and static con-
tact map analyses indicated several loops in
Rac1 (Fig. 2A and fig. S10); however, much of

the surface of Rac1 is used to interact with other
proteins, which limits the loops appropriate for
insertion. Considering all these criteria, we select-
ed loop L1, which connects b-strands between

1442 16 DECEMBER 2016 • VOL 354 ISSUE 6318 sciencemag.org SCIENCE

Fig. 2. Designing PI-GTPases. (A) Se-
quence conservation, surface exposure,
loop “tightness,” and contact maps were
used to select insertion loops (fig. S9).
Orange-filled boxes indicate loops fulfilling
selection criteria [thresholds (red dashed
lines); (box) S1 and S2, secondary structures].
In the scheme, lines extending perpendicular
to the diagonal indicate loops (L) that connect
tightly interacting elements of secondary
structure.When these lines reached the
active site (green bands) the loop was
selected for testing. For PI-Rac1, we selected
L1, which connects strands of the b-pleated
sheet in the interswitch region. (B) GTPase
activity in HEK293Tcells reported using bio-
sensors fused to PI-GTPases in a high-
throughput assay. Dark-state mutant (gray);
lit-state mutant (blue); T17N (Rac1 and
Cdc42) and T19N (RhoA) dominant-negative
mutants (red); wild-type GTPase-positive
control (green). CFP x axis indicates expres-
sion level of biosensor-GTPase fusion. Error
bars show SEM (n = 3). (C) (Left) Crystal
structure of PI-Rac1 with interacting proteins
(gray mesh); (right) structures of WT Rac1
(gray) and PI-Rac1 (red) are in excellent
agreement. L1 loop is the LOV2 insertion loop.
GDI, guanine nucleotide dissociation inhibitor; GAP,GTPase-activating protein. (D) Map showing interresidue distances forWTRac1 versus PI-Rac1, which suggest
that these molecules undergo similar conformational changes.

Fig. 1. Design concept and PI-Src. (A) Do-
mains conferring either photoinhibition
(LOV2), or activation induced by small
molecules (uniRapR), function at the same
allosteric site. (B) The termini of LOV2 and
uniRapR domains are closely spaced for
insertion. (C) Paxillin phosphorylation assays
show that PI-Src’s catalytic activity is inhibited
upon irradiation. SYFcells expressing
PI-Src(YF) show reduced phosphorylation
of cell lysates blotted with antibody against
phosphorylated Tyr (anti-pTyr). Blue denotes
irradiation. Error bars show SEM (n = 3).
(D) (Left) Inactive (blue) and active (gray)
conformations ofWTSrc.The red circle (L) is
the insertion site. Conformational changes
were quantified by displaying the pairwise
distance changes (Dd) between all residues
as a heat map. (Right) The top left triangle
shows distances for WT Src, computed from
published crystal structures.The bottom
triangle shows distances for PI-Src, determined
using molecular dynamics simulations of the
dark and lit states. Decreased distance (blue);
increased distance (red). (E) In SYF cells,
irradiation causes PI-Src(WT) to translocate
to focal adhesions (FA, red arrows), edge
movements to increase, and cells to polarize
and translocate.When cells are returned to the
dark, FA translocation is reversed but effects on morphodynamics persist. [Irradiation (blue); n = 18 cells; quantification in fig. S7.]
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the S1 and S2 regions (Fig. 2A). L1 was similar to
the insertion loop of Src in that it connected inter-
acting secondary structures, enabling efficient
propagation of structural changes from the in-
serted domain to the host protein. All the ex-
amples that follow indicate that such “tight loops”
are useful insertion sites (figs. S9 and S11).
To test the efficacy of LOV2 insertion into the

L1 loop, we incorporated the Rac1 analog into a
previously characterized fluorescence resonance
energy transfer (FRET) biosensor of Rac1 activity
(27) (donor fluorescent protein fused to PI-Rac1
and FRET acceptor fused to a fragment fromp21-
activated kinase that specifically binds activated
Rac1). PI-Rac1 containing a dark-state LOV2muta-
tion was activated by the upstream guanine ex-
change factor (GEF) Vav2, whereas activation of
a lit-statemutant was substantially reduced (Fig.
2B). Even when an activating mutation (Q61L)

was introduced inRac1, the lit-state LOV2mutant
showed strong inhibition (fig. S12). For physiolog-
ically relevant studies, we used PI-Rac1 to replace
endogenous Rac1 in Rac1-depleted fibroblasts. Ir-
radiation produced reversible cell edge retraction,
initially as indentations closely spaced along the
edge, and then broad retraction of entire lamellae
(fig. S12 andmovies S4 and S5).We also generated
switches from the Rho family GTPases RhoA and
Cdc42, using insertion in the same loop. Both
showed effective light-induced inhibition in live
cells (Fig. 2B, fig. S13, and movies S6 and S7).
To probe the mechanism of photoinhibition,

we determined the crystal structure of dark-state
PI-Rac1 and examined lit anddark conformational
changes using molecular dynamics. The crystal
structure showed that LOV2 was placed where
it did not interferewith Rac1 binding to regulatory
or effector proteins (Fig. 2C, fig. S14, and table S1).

Notably, the dark state–activated structure was
almost identical to that of activated WT Rac1,
with a rootmean square deviation (RMSD) of only
0.35 Å (Fig. 2C). Molecular dynamics showed
that the conformational change between dark and
irradiated PI-Rac1 manifested mainly in the S1
and S2 switch regions and that the conforma-
tional changes of PI-Rac1 and WT Rac1 were re-
markably similar (Fig. 2D and fig. S15). Together,
these studies suggested that opto-allosteric pertur-
bation of Rac1, like Src, caused switching between
naturally occurring active and inactive states.
We next targeted another protein family, GEFs,

beginning with the Rac1 activator Vav2. GEFs
present a different challenge in that they induce
a conformational change throughGTPase binding
to a broad area involving many relatively weak
interactions. Computational analysis of Vav2’s
GTPase-binding DH domain revealed three po-
tential insertion loops (Fig. 3A and fig. S16). We
used loop L4 for LOV2 insertion because it pro-
duced the most effective switch. PI-Vav2 was
tested in living cells by examining its effects on
a Rac1 biosensor (Fig. 3B). The activities of the
PI-Vav2 dark- and lit-state mutants resembled
those of different activated and inactivated Vav2
mutants (Fig. 3B and figs. S17 and S18). Pull-down
assays confirmed that PI-Vav2was inhibited upon
irradiation (fig. S17) and that irradiation of PI-
Vav2 inHeLa cells produced rapid and reversible
retraction (Fig. 3C and movie S8). Insertion of
LOV2 into L1 or L2 also produced effective PI-Vav2
constructs, but insertion of LOV2 into a loop that
was not “tight” produced no switch (fig. S18). The
same analysis was used to create two other photo-
inhibitable GEFs: GEF-H1, a Rho GEF, and Inter-
sectin1(ITSN), a Cdc42 GEF (Fig. 3D and figs.
S19 to S21).
Unlike kinase and GTPase catalytic domains,

the GEF catalytic domains do not undergomajor
intradomain conformational changes. Instead,
they are regulated sterically by autoinhibitory
domains. To investigate the light-mediated struc-
tural changes of PI-ITSN (L2), we determined the
crystal structures of PI-ITSN alone and in com-
plexwith Cdc42 (Fig. 3E, fig. S22, and table S2). PI-
ITSN andWT ITSNwere structurally similar, with
a backbone RMSD of 0.37 Å. The structure of
Cdc42 in the ITSN:Cdc42 complex and in the PI-
ITSN:Cdc42 complex were similar, with an RMSD
of only 0.31 Å. The interface between ITSN and
Cdc42 was also in excellent agreement in the two
structures, with anRMSD of 0.36 Å (Fig. 3E). The
crystal structure of the PI-ITSN:Cdc42 complex
was consistent with the shapes of the PI-ITSN:
Cdc42 complex and PI-ITSN in solution, con-
structed ab initio by small angle x-ray scatter-
ing (fig. S23).
Molecular dynamics simulations of ITSN and

PI-ITSN revealed that the motions of helices a5
and a6, part of the active site, correlate with the
motions of the insertion loop (Fig. 3F), and
hydrogen or deuterium exchange coupled to
mass spectrometry showed light-induced de-
stabilization of these helices (Fig. 3F and figs. S24
to S26). These results suggest that native ITSN
and Cdc42 interactions aremaintained in PI-ITSN

SCIENCE sciencemag.org 16 DECEMBER 2016 • VOL 354 ISSUE 6318 1443

Fig. 3. Designing PI-GEFs. (A) Computational analysis of theVav2 catalytic DH domain. (Left) Black and
red boxes indicate local and nonlocal interactions (fig. S9) that mediate coupling between loops and the
active site. (Right) Structuralmodel of theVav2DHdomain showing insertion loops and the active site (green).
(B) In living cells, PI-Vav2was inhibited in the lit state. DMand LM, dark and litmutants; EA, E200A/K333A
dominant-negativemutant. Error bars showSEM (n=3). (C) (Left) Reversible retraction induced by irradiation
of PI-Vav2 in HeLa cells (n = 9); retraction (red arrow), protrusion (black arrow). (D) High-content live-cell
imaging showed that PI-ITSN was inhibited in the lit state. EA, E1244A catalytically inactive mutant. Error
bars show SEM (n = 3). (E) (Left) Crystal structure of PI-ITSN (L2) in complex with Cdc42 superimposed on
theWT ITSN:Cdc42 complex. (Inset, right) Purple, gdp, guanosine diphosphate. (F) Comparison of deuterium
exchange (HD/X) results and dynamic coupling computed using molecular dynamics simulations. CL2,I cor-
responds to the correlation coefficient between the motion of the L2 loop and the motions of each residue.
DI-d corresponds to the differences in relative deuteration levels in the dark and light.

RESEARCH | REPORTS



and support an allosteric connection between the
insertion loop and important active-site residues.
We also inserted the uniRapR domain in GEFs,

to activate GEFs with rapamycin. Vav2, ITSN,
Asef, p115, and Tiam1 all showed rapamycin-
inducedGTPase binding in pull-down assays (fig.
S27). Titrating uniRapR-Vav2 with saturating
rapamycin in human embryonic kidney–293T
(HEK293T) cells produced dose-dependent acti-
vation of aRac1 biosensor (fig. S27), and fibroblasts
stably expressing uniRapR-Vav2 or uniRapR-ITSN-
produced protrusions and ruffles upon rapamycin
addition (fig. S27 and movie S9).
Successful photoinhibition suggested that we

might also use allosteric control to activate pro-
teins with light. GEFs, andmany other proteins,
are regulated by intramolecular interactions of
autoinhibitory domains (AIDs), which might be
turned on and off allosterically. Analyzing the
CH portion of Vav2’s AID showed two potential
insertion loops (Fig. 4A and fig. S28).We inserted
LOV2 in these and in three additional loops not
predicted to control activity (fig. S29). In live-cell
assays using Rac1 biosensor activity as a readout,
only the computed insertion sites produced robust
switches (Fig. 4B and fig. S29). In fibroblasts, Vav2
photoactivation induced rounding and lamellae
formation rather than the retractions produced
by photoinhibition. Upon removal of light, PA-Vav2
cells underwent marked contractions (panels 1 and
2 in Fig. 4C, fig. S30, andmovie S10). These results
demonstrated that a protein can be allosterically
activated by light through control of its AID.
With optogenetics, effects of protein manipu-

lation can be assayed rapidly, before the cell has
a chance to compensate as it does with genetic
manipulations.We testedwhether photoactivation

and photoinhibition could be combined, to assay
how photoactivation of one protein is affected by
downstream inhibition of another. Unlike the
rounding and large lamellae produced by irradi-
ating PA-Vav2 (panel 1 in Fig. 4C andmovie S10),
irradiating PI-Rac1 cells (produced via knockdown
and rescue of Rac1) caused retraction (panels 4
and 5 in Fig. 4C andmovie S5), with formation of a
complex perimeter and increased velocity of both
retractions and protrusions (panel 6 in Fig. 4C).
When PA-Vav2 and PI-Rac1 were irradiated in the
same cell, area and roundness responded similarly
to PA-Vav2 alone, but the cell edge showed a
phenotype clearly different from that produced
by the individual proteins, with a strong reduc-
tion in edge dynamics during irradiation (panels
7 to 9 in Fig. 4C, movie S11, and fig. S30). Thus,
PI-Rac1 was being activated and affecting results
of Vav2 activation. Interpretation will require
further study, but these results are consistent
with recent work showing that Vav2 can act
independent of Rac1 (28–30).
In summary, we have controlled proteins with

light or small molecules in living cells by harness-
ing order/disorder transitions. Sensory domains
were inserted into tight, nonconserved, surface
loops that are allosterically coupled to active sites.
Engineered proteins switched between naturally
occurring, physiologically relevant active and in-
active states, generating effective tools to manip-
ulate living cells.
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Fig. 4. Designing PA-Vav2 and multiplexed control in living cells. (A) (Left) Computational analysis
of Vav2’s AID indicated that loops L1 and L2 are coupled to the active site (green) through nonlocal (red
box) and local (black box) interactions. CH and AC denote calponin-homology and acidic motifs. (Right) A
structural model of the AID showing the connection of L1 and L2 to the active site. (B) PA-Vav2 is activated
in the lit state, assayed as in Fig. 2B. Error bars showSEM (n= 3). (C) Effects of irradiation and cessation of
irradiation on cells expressing PA-Vav2 alone, PI-Rac1 alone, or both in the same cell. Blue box denotes
irradiation, ea denotes edge activity, and envelopes showSEM (n= 15 for PA-Vav2;n= 18 for PI-Rac1; n= 17
for PA-Vav2+PI-Rac1).
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Publish your research in

Science Immunology

Science Immunology, the newestmember in the Science family

of journals, provides original, peer-reviewed research articles

that report critical advances in all areas of immunological

research, including studies that provide insight into the human

immune response in health and disease. Share your research

with Science Immunology's global readership and submit your

manuscript today!

What will your discovery be?

Submit your manuscript today at

ScienceImmunology.org
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Science Careers Job Fair
at the AAAS Annual Meeting

February 17, 2017

11:00 AM – 4:00 PM EST

Hynes Convention Center
Room 210

Boston, MA

To book your booth,

contact:

US: 202-326-6577

Europe: +44 (0) 1223 326528

advertise@sciencecareers.org

A Day of Recruiting Opportunities

and Career Workshops

Careers and AAAS offer an exciting

career event at the 2017 AAAS Annual Meeting

in Boston, Massachusetts.

SCIENCECAREERS.ORG

• JOB SEEKERS: Join us for a chance to

meet with recruiters from top scientifc

organizations and to get valuable advice from

career experts. The combination of valuable

career development content and exciting

career opportunities makes this a free

“must-attend” event for scientists.

For more details and to register, visit

sciencemag.org/careers/jobfair

• EMPLOYERS: Save time and money by

meeting hundreds of scientists in person.

For information and to reserve your exhibit

space package please contact us today.

Space is limited.

202 326-6577

advertise@sciencecareers.org



POSITIONS OPEN

Research Geneticist (Plants)

The U.S. Department of Agriculture, Agricultural Re-
search Service, Plant Gene Expression Center (PGEC) in
Albany, California invites applications for aRESEARCH
SCIENTIST position with expertise in plant genetics,
GS-0440-12/13. PGEC research is conducted through
a close collaborative partnership with the University
of California, Berkeley. The successful candidate will
be responsible for developing a research program that
uses modern molecular genetic, genomic and/or com-
putational technologies, including large-scale datasets
and novel analytical approaches, to understand how
genes govern plant traits of agronomic importance.
Areas of research interest are related to plant adaptation
and response to the environment, including disease
resistance, abiotic stress tolerance and their relationship
to plant development and architecture. This is a per-
manent, full time position. The salary range is $84,302
to $130,325/per year. A comprehensive Federal bene-
fits package is available. For application instructions see
website: http://www.usajobs.gov– Keyword: ARS-
S17W-0127. Announcement closes January 10, 2017.

U.S. Citizenship is required.
The USDA/ARS is an Equal Opportunity Employer and

Provider.

Wildlife Ecologist & Lake Fish Biologist
Northern Michigan University (Marquette MI)

Applications are invited for two tenure-earning fac-
ulty positions at the ASSISTANT PROFESSOR level
beginning August 2017. The positions will be posted
until January 17, 2017. Submit application materials
to website: https://employme.nmu.edu, where a de-
scription and requirements are posted. Northern Michigan
University is an Equal Opportunity Employer including protected
veterans and individuals with disabilities.

SCIENCE sciencecareers.org 16 DECEMBER 2016 & VOL 354 ISSUE 6318 1447
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A M E R I C A N A S S O C I A T I O N F O R T H E

A D V A N C E M E N T O F S C I E N C E

AAAS

MassMedia

Science and

Engineering

Fellows

Program

aaas.org/mmfellowship

Applications accepted

through January 15
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W
hen Chinaís leaders decided a generation ago to

experiment with opening the Peopleís Republic to

global market forces, they created an archipelago

of special economic zones (SEZs) along the nationís south-

ern coast. South Chinaís resulting transformation into an

export powerhouse has helped make the country a world

trade titan. Now the region is part of a new round of reforms

aimed at reshaping China into a globally connected pioneer

in the sciences.

Chinaís universities, along with the National Natural Sci-

ence Foundation and the Chinese Academy of Sciences

(CAS), have created award schemes aimed at attracting

scientists trained in the United States or Europe to take

positions across southern China and to help spur the next

stage of the regionís metamorphosis. These strategies are

helping power research breakthroughs in the spheres of

space science, physics, genomics, and medicine.

From rice paddies to space stations

The drive to transmute the countryís

prowess is evident across southern

China. Shenzhen, crisscrossed by rice

paddies when it was designated an SEZ,

is now one of the worldís fastest growing

cities and hosts one of Chinaís leading

when it too became an SEZ, opened its

new space launch center this summer.

South China: A rising
power in science
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After emerging as a trade superpower, China aims to be-

medicine. Universities across south China are stepping up

the recruitment of scientists with advanced degrees gained

in Europe or the United States. This strategy has yielded

prestigious science prizes and papers, and generated the

By Kevin Holden

Long March 7 rocket, along with the prototype of a next-

generation human space capsule that it carried into orbit.

heightened international cooperation. China recently signed

Nations member states, particularly developing countries,

to conduct space experiments onboard Chinaís space sta-

and payload engineers.î

CAS is stepping up its twin drives to boost collaboration

ing in worldwide science. One area in which it has made

headway is in studies encompassing the formation of the

universe, the earliest galaxies, and the solar system.

Planetary scientist Yuan Li, a postdoctoral researcher

at Rice University in Houston, says he was persuaded to

accept a position at the CAS Guangzhou Institute of Geo-

chemistry through a Global Youth Experts award. Li is the

lead author of a recent Nature Geoscience study, cowritten

with colleagues at Rice, which posited that the life-enabling

carbon in the Earthís crust might be the result of a collision

between the proto-Earth and a Mercury-like planet about

4.4 billion years ago. That collision was distinct from the

interplanetary smashup that scientists believe gave birth

to the Moon during the early formation of the solar system.

were probably numerous collisions between

the proto-Earth and small planetary em-

bryos,î says Li. This early period in the solar

systemís evolution, he adds, might have

resembled a massive billiards game involv-

ing the inner protoplanets crashing into

each other before entering stabilized orbits

around the sun.

Liís paper is part of a steady rise of articles

written by Chinese scholars and published

says Chinaís expanding constellation

Upcoming Features

Faculty CareersóFebruary 10 Postdoc CareersóMarch 17 Postdoc CareersóAugust 25

cont.>

Yuan Li

Guangzhou city on the Pearl River
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Chinese scientists involved in these neutrino observa-

tions, along with the international team headed by Luk, were

awarded the prestigious Breakthrough Prize in Fundamental

Physics in 2016, for outlining how neutrinos transform as

they speed through the cosmos. They won, according to the

prize citation, for ìrevealing a new frontier beyond, and pos-

sibly far beyond, the standard model of particle physics.î

Due to the rapidly growing neutrino physics programs

in China, Jiajie Ling, a postdoctoral researcher at the

University of Illinois who is now a professor in physics

at Sun Yat-sen University, opted to take a position there

with start-up funding support from the Thousand Talents

Program for Distinguished Young Scholars. He is helping to

guide a new series of experiments at Daya Bay: the search

for the hypothesized ìsterile neutrino.î This proposed

fourth type of neutrino could be a form of the elusive dark

matter that scientists have been searching for since the last

century, says Ling.

Future home of particle colliders

According to Ling, the massive neutrino study he is work-

ing on is helping China move closer to realizing its plans

to host an international coalition of elite physicists around

its proposed supercollider projects. Chinaís top-echelon

physicists, in tandem with leading scientists worldwide, are

designing a ringed particle smasher measuring up to 100 ki-

as an electronñpositron collider, and would later also host a

protonñproton accelerator.

ìAfter so many years of preparation and joining world-

wide experiments, now is a fantastic time for China to

host the Circular ElectronñPositron Collider and the Super

ProtonñProton Collider,î Ling says. ìMore importantly, it

is also Chinaís responsibility to contribute to advancing

high-energy physics and humanityís knowledge about the

universe.î

Jie Gao, one of the leaders of the twin circular collider

projects at the CAS Institute of High Energy Physics, says

southern Guangdong Province is a leading contender

to host the ringed accelerators. Chinese and American

scientists who are laying the groundwork for what would

be the largest and most sophisticated particle physics lab

in history predict it could attract thousands of the worldís

experimental physicists to take up positions in Chinaís

planned ìcollider city.î

Alain Blondel, one of the primary shapers of the Future

Circular Collider being mapped out by CERN (the European

Organization for Nuclear Research) in Switzerland, says ìit

would be fantasticî if the leaders of CERN and of the Chi-

nese supercollider program wind up competing to attract

the globeís foremost physicists.

Tao Liu, a physicist at Hong Kong University of Science

and Technology, echoes this sentiment. He says Chinaís

planned collider project is the most exciting ever to capture

the attention of leading physics professors and science stu-

dents across Hong Kong.

The supercolliders, Liu adds, will ìboost development in

science and society in the coming decades, [and] will in-

spire young talents of this and future generations to devote

themselves to the exploration of basic science.î

of incentives for scientists is a powerful attraction for schol-

young scientists like me have returned to China,î he says.

Particle physics breakthroughs

China is interested not only in the macroworld, it is also

keen on the microworld. Scientists with an advanced

degree in physics who have accepted positions at south

China universities are helping track and explain how neu-

through space at nearly the speed of light.

These physicists have joined an international team of

scientists who are studying nuclear reactorñproduced

neutrinos in the southern Chinese seaside resort of Daya

Bay. Collaboration on these experiments involves universi-

ties and physicists stretching across four continents, says

Kam-Biu Luk, a professor of physics at the University of

California, Berkeley, and a distinguished visiting scholar at

the University of Hong Kong.

Luk, who heads the international participation in the

project, says this exploration of the long-shrouded world

of neutrinos is one of the most outstanding experiments

in particle physics ever conducted by joint groups of uni-

versities based in China and the United States. Physicists

at the University of Hong Kong, the Chinese University of

Hong Kong, Shenzhen University, Dongguan University of

Technology, and Sun Yat-sen University have joined coun-

terparts at Yale, Princeton, and other laboratories in this

expanding experiment.

ìShenzhen has

repositioned itself

as one of the worldís

leading centers for

genetics research.î

óBicheng Yang
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Reversing ìbrain drainî

In another region of south China, at the Guangdong Uni-

versity of Foreign Studies, Jing Yang has been conducting

research with colleagues at Pennsylvania State University

on structural changes in the brain that occur when students

begin studying a second language.

Yang, formerly a postdoctoral fellow at Penn State,

says she joined Guangdong University of Foreign

Studies because the school ìis well known for cultivating

international talent.î She says she aims to help transform

the universityís language center into ìa leading research

center for linguistics and applied linguistics,î and adds that

the government is providing large-scale grant support to

reach that goal.

Chinaís economic ascent and the increasingly attractive

becoming extremely appealing to Chinese scholars who

have studied in the West, Yang says, and are beginning

to help reverse a decades-long brain drain, during which

scholars left the country to pursue their careers elsewhere.

While many Chinese scientists still opt to stay in Europe

or the United States after obtaining an advanced degree

there, Yang observes that ìsome scholars, like me, chose to

go home to work for a brighter future for ourselves and also

for our country.î These scholars, she adds, are helping cre-

omy,î Yang explains. ìWe hope our country can excel in

science, culture, and technology too. It is a double win for

China and the world.î

Mining the genome

Just across the border from Hong Kong, universities and

the local government in Shenzhen are channeling their ex-

panding funds into making globally recognized advances in

life science research and applications.

ìShenzhen has repositioned itself as one of the worldís

leading centers for genetics research,î says Bicheng Yang,

is moving forward with plans to create a specialized life sci-

ence college in partnership with the South China University

of Technology (SCUT) and the University of Copenhagen.

Gates Foundation to set up joint training programs with the

University of the Chinese Academy of Sciences and SCUT.

ìThe aim is to integrate the new college more and more into

she explains.

Xin Jin, a genomics expert with dual research positions at

ects we are working on is the Chinese Million-ome Project,

aimed at decoding one million Chinese genomes across the

entire country.î

nomics to map the genetic evolution of current populations

dating back to the early modern humans who trekked to

Asia more than 40,000 years ago, and their admixture with

more archaic species, adds Jin, who coauthored a study on

this topic published in Nature.

At the frontier of human genome editing

The potential use of genomic engineering to eradicate

the genetic bases for diseases is also being explored by

groups of university researchers in the southern mega-city

of Guangzhou. One of these groups recently reported con-

ducting a leading-edge experiment, but with only limited

success, in editing the genomes of human embryos to

confer genetic resistance to HIV infections. A similar paper

published in 2015 by researchers at Sun Yat-sen University

ignited a global debate over whether this type of research

should be conducted on human embryos because of its

potential to trigger genetic changes that ripple across fu-

ture generations.

Since then, leaders of the national science academies in

the United States, the United Kingdom, and China have met

and reached a consensus that while this type of research

could continue, any applications should be prohibited. The

lead organizer of the summit involving the three science

academies was David Baltimore, president emeritus of the

California Institute of Technology. He adds that Chinese

researchers can move forward with embryonic genome ed-

iting studies as long as ìexperiments are limited to 14 days

of in vitro growth and no implantation is attempted.î

The genomics teams at Sun Yat-sen University and at

Some scholars suggest that Chinaís support for these

studies, in view of the U.S. Congressional ban on federal

funding for research involving modifying the genomes of

human embryos, could help scientists across Chinese uni-

versities move ahead in this realm of gene editing.

Kevin Holden is a freelance writer based on the east coast of China and

the west coast of the United States.

DOI: 10.1126/science.opms.r1600172

BGI
www.bgi.com/us

California Institute of
Technology
www.caltech.edu

CERN Future Circular
Collider Study
fcc.web.cern.ch/pages/
default.aspx

Daya Bay Reactor
Neutrino Experiment
dayabay.ihep.ac.cn/twiki/
bin/view/Public

Guangdong University of
Foreign Studies
english.gdufs.edu.cn

Guangzhou Institute of
Geochemistry, Chinese
Academy of Sciences
english.gig.cas.cn

Hong Kong University of
Science and Technology
www.ust.hk
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Physics, Chinese Academy
of Sciences
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South China University
of Technology
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Sun Yat-sen University
iso.sysu.edu.cn

University of California,
Berkeley
physics.berkeley.edu

University of Copenhagen
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University of Hong Kong
www.hku.hk
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WALLENBERG CENTRES FOR

MOLECULAR MEDICINE
SWEDEN

UNIVERSITY OF GOTHENBURG:

The scope of the Centre in Gothenburg is molecular medicine aspects of metabolic and
degenerative diseases, neuroscience, inflammation and cancer. Successful candidates will
become part of strong research environments with excellent infrastructure and enjoy
close collaboration with AstraZeneca and clinical/translational research platforms at
one of the largest University hospitals in northern Europe. Read more about our present

and coming calls at www.wcmtm.gu.se

LUND UNIVERSITY:

We are recruiting up to three tenured faculty members at the level of Senior Lecturer
(Associate Professor) within the area Molecular Medicine - Regenerative Medicine (Regenera-

tion, Replacement, and Repair). Successful candidates will receive a generous career package,
will work in a translational environment including clinical scientists at Skåne University
Hospital and have access to cutting-edge infrastructure at one of the largest Universities in
Scandinavia. Between December 1, 2016 and February 15, 2017 candidates are invited to
submit Declarations of Interest as described on our homepage. www.med.lu.se/wcmm

UMEÅ UNIVERSITY:

Several tenure track research positions are advertised in the areas of cancer, infection

biology, metabolism/diabetes and neuroscience. The positions are at Associate Senior
Lecturer (Assistant Professor) level. The successful candidates will work in association
with strong research environments and have access to excellent research infrastructures
including unique collections of longitudinal samples in existing biobanks.
www.wcmm.umu.se

LINKÖPING UNIVERSITY:

With a medicine-technology interface and extending from a biomedical engineering
profile, onwards to basic biomedical and clinical research, we plan to recruit a number
of tenure track faculty members, at the level of Assistant/Associate Professor. Current-
ly, we are especially interested in researchers working in the area of Digital Pathology.
The successful candidates will be expected to develop a dynamic, extramurally funded,
internationally recognized research program, and to integrate with existing strengths
in medical technology, materials science and bioengineering. www.liu.se/wcmm

www.wcmm.se

The Wallenberg Centres for Molecular Medicine are key elements in a national effort to
reposition Sweden as a world-leading life science nation. The initiative was taken by the
Knut and Alice Wallenberg Foundation, and is a joint venture with the Universities and
University Hospitals of Gothenburg, Lund, Umeå and Linköping. SciLifeLab in Stockholm
and Uppsala serves as a research partner and unique core facility for the four Centres.

Through repeated calls in the upcoming years with tenure track research positions
– Wallenberg Molecular Medicine Fellows – we will recruit translationally oriented research
groups. The groups will be centered on internationally recruited young scientists of
outstanding potential and funded at a globally competitive level through very generous
starting packages with the possibility of promotion to Senior Lecturer within four years.
Each of these groups will synergize with pre-existing excellent research environments as
well as strong clinical collaborators, promoting ground-breaking research in molecular
and translational medicine. Together, we will rise to future challenges within molecular life
science in order to improve human health.

Note that the application deadline at the four Centres may vary.

RESEARCH
IS A COLLECTIVE
WORK
Come and join us and discover howour research teamplays a

round the clock in furthering the advance ofmedical science.

INSERM ISRECRUITING:
93 TENUREPOSITIONS
AREOFFEREDTO
RESEARCHERSM/F
DEDICATEDTO
BIOMEDICALRESEARCH

Candidates to Research Associates and

Research Directors positions must have a

PhD (or equivalent degree). There is no

nationality restriction.

Inserm is the only French public research

institute to focus entirely on human health.

Its researchers are committed to studying all

diseases, whether common or rare. Through its

diversity of approaches, Inserm provides a

unique environment for researchers.

More than 13 000 researchers, engineers and

technicians work in the 281 Inserm laboratories

housed in hospitals, universities and research

campuses, all over France.

Visit our website : http//www.eva3.inserm.fr

• Research Associates: January 12th,
2017 - 4.00.pm (GMT+1)

• Research Directors: February 2nd,
2017 - 4.00.pm (GMT+1)
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RICHARD D. GREEN DEAN

College of Natural Sciences and Mathematics

California State University, Long Beach (CSULB) invites nominations and

letters of application for the Richard D. Green Dean of the College of Natural

Sciences and Mathematics. CSULB seeks outstanding, publicly engaged

leaders to join a dedicated leadership team that is committed to advancing the

University’s broad and forward-seeking mission.

The Position: The Richard D. Green Dean of the College of Natural Sciences

and Mathematics is the chief academic offcer of the College and reports to the

Provost and Senior Vice President forAcademicAffairs. The Dean is expected

to exercise vision, ethical leadership, and advocacy in academic affairs, research

and scholarly activities, and curricular matters in the College, placing emphasis

on the continuing development of the fnest undergraduate and graduate

educational programs possible. He/she is required to lead the associate deans,

department chairs, director of development, and faculty in efforts (such as public-

private sector partnerships and federal/state programs) to develop, effectively

manage, and enhance on-going funding for the support of the College’s academic

programs and research activities for faculty and students, especially those that

increase success of students in underserved and underrepresented groups. He/she

is expected toworkwith leadership on institutional awards (such as NIHBUILD

and HSI-STEM) to help support, carry out, and institutionalize programmatic

elements. The Dean is responsible for management of the fscal and personnel

resources of the College, including recruitment, evaluation and retention of

a well-qualifed and highly diverse faculty and staff. He/she will work with

college/department leadership and academic advisors to develop and carry out

initiatives for student success leading to increased retention and graduate rates

(particularly 4-year) and a reduction in the achievement gap. Distributions from

the Richard D. Green endowment provide discretionary funds for the Dean to

support college initiatives.

For further information, please see position description 1012756 at web.csulb.

edu/divisions/aa/personnel/jobs/admin/. Review of applications to begin no

sooner than December 19, 2016. Position open until flled.

CSULB is an Equal Opportunity Employer.



Call For Proposals From Institutions of North Eastern Region for
Establishment of Biotech Hubs and State Nodal Centres

Applicationsmay be sent as per Proformadownloadable fromDBTwebsite (www.dbtindia.nic.in) and duly forwarded by the competent authority to

Applications are solicited from Indian Nationals working in overseas research institutions for the “Ramalingaswami Re-entry Fellowship”, a re-entry
schemeof theDepartment of Biotechnology (DBT),Ministry of Science&Technology,Government of India.
Aim of the Fellowship
The scheme is conceptualized with the aim of attracting highly skilled researchers (Indian Nationals) working overseas in various cutting edge
disciplines of biotechnology (agriculture, health sciences, bio-engineering, energy, environment, bioinformatics and other related areas), by providing
them an attractive avenue to pursue their R&D intrerests in Indian institutions.
Who is eligible to apply ?
The applicant should possess a Ph.D., M.D., M. Tech, M.VSc. or equivalent degree with an outstanding track record as reflected in publications and
other recognitions and with at least three years of post-doctoral research experience
OnlyCandidates (Indian Nationals) working overseas are eligible to apply.

Researcher's upto 45 years of age as determined on closing date of application are eligible to apply.
Incentives of being a Ramalingaswami Fellow
1. This is a senior fellowship programme, and awardees are to be considered synonymous to the faculty/scientists at the level of scientist-D.They are
entitled to take up teaching/research assignments and supervising Doctoral/MS students.
2. The scheme provides a consolidated monthly remuneration of Rs. In addition, a house rent allowance of Rs. 7,500/- p.m. is given to
fellows. In case host institute provides accommodation to the fellow, no house rent allowance is admissible.

st nd
3. Fellows will receive a research/contingency grant of Rs. 10.00 lakhs for the 1 year, Rs. 7.50 lakhs for the 2 years Rs. 5.00 lakhs for the subsequent 3
years for purchase of consumables, minor equipment, international and domestic travel, engaging manpower and other contingent expenditure to be
incurred for the implementation of research proposal.
4. DBT encourages host institutions to provide medical benefits, transport allowance, leave travel allowance and other benefits as per their prevailing
norms as applicable to their employees of the rank equivalent to scientist D out of their own resources/ funds.
5. Fellows retain an option for drawing either the fellowship or salary if they are appointed at a suitable permanent scientific position. Fellows opting
for salary can continue to avail the research /contingency grant with prior approval of DBT.
6. Ramalingaswami Re-entry Fellows could take up fellowship at any of the scientific institutes/ universities in the country. However, application
should be duly forwarded by the competent authority of the host Institute .

7. Awardees are eligible to apply for research grants to any of the funding agencies towards accomplishment of research proposal. However, the Co-PI
has to be a permanent employee of the host institution.
Tenure of fellowship
Fellows can draw fellowship for a termof five years. Fellowship is further extendable for another termon fresh appraisal of performance of the fellow.

How to apply

of which last two years should be from overseas laboratory.
Those who have already returned to India within one year of the closing date

of this advertisement are also eligible .

85,000/- p.m.

Fellows/Awardee can change his/her host institute only once during the
tenure of the fellowship.

Those
nd

whoare able to secure permanent positionswill not be considered for2 term.

th
Dr. Meenakshi Munshi, Director, Department of Biotechnology, Block-2, 7 Floor, CGO Complex, Lodhi Road, New Delhi -110 003, both

as a hard copy as well as soft copy. The applications not forwarded by the host institution will not be considered .Soft copy to be mailed at
st

Email : rlsfellowship.dbt@nic.in only a single file latest by 31 January, 2017.

Government of India
Ministry of Science & Technology

Department of Biotechnology

RAMALINGASWAMI RE-ENTRY FELLOWSHIP : 2016-17
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Faculty Positions in the Quantitative and Computational Biosciences

UCLA has established the interdepartmental Institute for Quantitative and Computational Biosciences

(QCBio) to lead the transformation of biology and biomedicine into a data-rich and math-based, predictive

science.

QCBio is partnering with academic departments across Life Sciences, Physical Sciences, the David Geffen

School of Medicine, and the Henry Samueli School of Engineering to recruit multiple faculty spanning

diverse areas of the Quantitative and Computational Biosciences: Big DataAnalytics andMachine Learning,

Systems Biology and Multi-scale Modeling, Dynamics, Stochasticity, Robustness

These may intersect with life and biomedical science research areas such as: Epidemiology, Wireless and

PublicHealth, Genomics,Proteomics,Metabolomics, Cancer, Signaling,Metabolism Infection,Microbiome,

Immunity, Stem Cells, Development, Cell fate decisions Plants, Ecosystems, Sustainability

We are seeking candidates for any faculty rank. Competitive candidates will have a Ph.D. in a biomedical

or computational sciences feld with a strong biosciences research program that involves the development

anduseof novel computationalmethodologies.Theywill also share a sense ofmission in the ongoingQCBio

revolution of the biosciences.

Applicants should submit a cover letter, curriculum vitae, a list of referees, a research statement, a teaching

statement, and a diversity statement on-line to https://recruit.apo.ucla.edu/apply/JPF02718. Review of

applications will begin January 6, 2017.

As a campuswith a diverse student body,we encourage applications fromwomen, minorities, and individuals

with a history of mentoring under-represented minorities in the sciences.

The University of California is an Equal Opportunity/Affrmative Action Employer. All qualifed applicants

will receive consideration for employment without regard to race, color, religion, sex, sexual orientation,

gender identity, national origin, disability, age or protected veteran status. For the complete University of

California nondiscrimination and affrmative action policy, see:UCNondiscrimination&AffrmativeAction

Policy. (http://policy.ucop.edu/doc/4000376/NondiscrimAffrmAct)

UCLA is California’s largest university, with an enrollment of nearly 38,000 undergraduate and graduate

students. The UCLA College of Letters and Science and the university’s 11 professional schools feature

renowned faculty and 323 degree programs and majors. The Biosciences at UCLA include more than

300 faculty members, many top-ten ranked departments, and is consistently in the top ten in NIH funding.

The College of Biological Sciences (CBS)

at the University of Minnesota Twin Cities

invites applications for the position of

Professor and Director of Itasca Biological

Station and Laboratories.We seek an

outstanding scientist with a national

reputation to lead research, education,

and public interaction at Itasca. The ideal

candidate will have a Ph.D. or equivalent,

a strong record of publication, externally

funded research, experience mentoring

undergraduate and/or graduate students,

excellence in teaching, and be qualified

for appointment at the level of full

professor in a CBS department.

Learn more about this position
at the college’s faculty hiring website.

z.umn.edu/cbsfacultyhiring

Professor and Director
Itasca Biological Station and Laboratories
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Tenure track Assistant Professor

Position In Quantitative Ecology

or Evolution of Microbes

The Department of Ecology and Evolutionary

Biology and the new Institute for Quantitative

and Computational Biosciences (QCBio) at

the University of California, Los Angeles are

searching for a joint faculty appointment at

the level of Assistant Professor. Candidates

must have a PhD within the feld of Biology,

Microbiology and/or Computational Sciences.

Quantitative and computational biologists

working on the ecology or evolution

of terrestrial or aquatic (including marine)

microbiomes, microbial symbionts, and/

or pathogens, at the level of populations

or communities, are invited to apply. The

competitive applicantwill conduct conceptually

oriented research that uses quantitative or

computational approaches such asmathematical

modeling, genomics/metagenomics, or network

science. Research on naturally-occurring or

laboratory systems will be considered, and

experimental approaches and use of emerging

technologies are encouraged.

UCLA boasts thriving research communities

in ecology and evolutionary biology, as

well as in genomics, bioinformatics and

computational systems biology. There is a

strongand growingcommunityofmicrobiology

and microbiome researchers on campus, and

excellent opportunities to interface with

biomedical or environmental science programs.

The joint position will support the new faculty

member to contribute to educational programs

at the undergraduate and graduate level and to

develop new synergies between the missions

of QCB and the Department of Ecology and

Evolutionary Biology.

UCLA is California’s largest university

with a diverse student body. Successful

applicants should convey their commitment

to excellence in research, teaching, mentoring,

and contributions to diversity. Questions

regarding the position should be sent to

Alexander Hoffmann, ahoffmann@ucla.

edu. Materials should be submitted online and

contain a (1) cover letter, (2) CV, (3) research

statement covering both past accomplishments

and future plans, (4) teaching statement, (5) a

contribution to diversity statement, (6) three

key and relevant publications, and (7) names

and contact information for at least three

references. Applications should be submitted

through https://recruit.apo.ucla.edu/apply/

JPF02745. Review of applications will begin

on January 15, 2017.

As a campus with a diverse student body,

we encourage applications from women,

minorities, and individuals with a history of

mentoring under-represented minorities in the

sciences.

The University of California is an Equal

Opportunity/Affrmative Action Employer. All

qualifed applicants will receive consideration

for employment without regard to race, color,

religion, sex, sexual orientation, gender

identity, national origin, disability, age or

protected veteran status. For the complete

University of California nondiscrimination

and affrmative action policy, see: UC

Nondiscrimination & Affrmative Action

Policy. (http://policy.ucop.edu/doc/4000376/

NondiscrimAffrments, and is consistently in

the top ten in NIH funding.

Faculty of Science

The Faculty of Science (www.mnf.uzh.ch) of the University of Zurich invites

applications for a

Professor of Evolutionary

Anthropology (tenured)

in order to join our team of experts at the Department of Anthropology.

We seek innovative applicants with a strong record in research and teaching,

who will strengthen our existing expertise in biological/evolutionary

anthropology. Applicants with an internationally competitive research

profile in any field of biological/evolutionary anthropology, and demon-

strating potential for innovative transdisciplinary research are particularly

encouraged to apply.

The successful applicant is expected to develop a complementary and in-

dependent research program in biological/evolutionary anthropology,

ideally including fieldwork on humans and/or non-human primates. Re-

search should be aimed at understanding the evolution of our own species

in a broad sense, encompassing the biological foundations of human

behavior and culture. Contributing to the existing undergraduate and

graduate teaching efforts in biological anthropology will also constitute an

integral part of the position. The successful applicant will be located at the

University of Zurich and is further expected to acquire external funding.

The University of Zurich provides generous research support, including

dedicated funds for personnel and running expenses and competitive

start-up packages. Zurich’s scientific environment includes a rich spectrum

of research activities in the life sciences and provides extensive opportunities

for collaborations with research groups at the University of Zurich, as well

as teams at the nearby ETH Zurich. The University of Zurich and the city

of Zurich also offer a stimulating cultural environment and are family-

friendly.

Application packages should include a motivation letter, a full curriculum

vitae, a vision statement of research and teaching interests outlining major

unsolved problems and how they could be tackled and the names and ad-

dresses of three potential referees. Documents should be addressed to

Prof. Dr. Michael Schaepman, Dean of the Faculty of Science, University of

Zurich, and uploaded as a single PDF file to http://www.mnf.uzh.ch/EA

by 31 January 2017. A brief questionnaire will have to be filled out at the

beginning of the upload process. For further information, please contact

Prof. Dr. Christoph Zollikofer at zolli@aim.uzh.ch.

The University of Zurich is an equal opportunities employer.



Arriving that summer to work with 

Dr. E, I found laboratory benchtops 

nearly up to my chin and glassware 

cabinets beyond my reach—the lab 

had been built to suit 6-foot-7-inch 

Dr. E. I learned to look atop the 

refrigerator for protocols and ap-

preciated the kick stools located 

throughout the lab. Even more, I 

appreciated how Dr. E helped us 

students reach a higher level in 

science. As well as instructing us 

himself, Dr. E had senior trainees 

guide junior ones, reinforcing their 

own knowledge and boosting their 

teaching proficiency. He trusted 

us, giving us room to develop our 

problem-solving abilities, technical 

dexterity, and communication skills. 

Dr. E also integrated us into 

the lab’s social life. At the depart-

ment picnic, I met Dr. E’s wife, 

also a scientist, and we quickly bonded. The next year, 

to broaden my learning, I applied for a summer research 

program at her institution, where she arranged for me to 

work in her lab. 

Those summers, I developed not only my scientific skills, 

but also a valued relationship with the Drs. E. One Dr. E or 

the other often gave me a ride to or from work. Sometimes 

we talked science, but often we simply talked about every-

day things. I enjoyed my first taste of lime pie when the Drs. 

E invited students to their home. My glimpses of their lives 

as a two-career couple reassured me that, with kindness 

and flexibility, a marriage of two professionals can flourish. 

After heading to college and beyond, I stayed in touch 

with the Drs. E. When visiting my parents, I would call or 

see them. I watched as their careers developed and their 

family grew. Soon after I married, Mr. Dr. E met my hus-

band and me for lunch—even though for medical reasons 

he was restricted to fluids. He also came to pay his respects 

after my father died. The Drs. E 

stayed interested in my work even 

after I chose a career that employed 

mainly the pen rather than the pi-

pette. They became true mentors 

rather than simply advisers.

I have been privileged to return 

some of what the Drs. E gave me. 

During college, Mr. Dr. E’s univer-

sity asked me to write a letter on 

his behalf, probably for tenure or a 

teaching award. I knew little of such 

things then, but I valued the chance 

to reciprocate after the recommen-

dations he had written for me. Like-

wise, I felt honored when Mrs. Dr. E 

called to request my advice about a 

family member’s education. 

Now, as a mentor myself, I try to 

live up to the example of the Drs. E. 

I see reflections of their mentorship 

in mine—whether I am supervising 

trainees, hosting students for dinner (with a special dessert, 

of course), supporting mentees regardless of career path, or 

just trying to follow through on what I say.

Over the years, my contact with the Drs. E came to con-

sist largely of exchanging holiday letters. When last Decem-

ber passed without a letter from them, an internet search 

confirmed what I had feared. As I prepared to send Mrs. Dr. 

E a condolence card, an abbreviated holiday letter arrived 

from her, from a new address, near offspring. Now, as I send 

my holiday letter this year, I am thankful to have known the 

Drs. E—as scientists, as individuals, and as a couple—and I 

try to honor their example as I exchange good wishes with 

current and former trainees of my own. ■

Barbara Gastel is a professor of veterinary integrative 

biosciences and of humanities in medicine at Texas A&M 

University in College Station. Send your career story

to SciCareerEditor@aaas.org.

“Those letters [started] 
relationships that would 
last much of a lifetime.”

Living up to my mentors

W
hen the holiday letter failed to arrive last December, I worried. And I recalled two 

letters from decades earlier. I received the first during my sophomore year of high school. 

In it, an early-career scientist I’ll call Dr. E told me another candidate had received the 

summer research opportunity I had sought. He ended the letter by saying he hoped he 

could accept me the next year. I took that as an empty pleasantry. Yet a year later, the 

second letter arrived, offering me the spot. Little did I realize that remembering others 

and following through on commitments were typical of Dr. E. Nor did I imagine that those letters 

would start relationships that would last much of a lifetime and shape my own mentoring.

By Barbara Gastel
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