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W
hen one thinks of advocacy, the first—usually 

cynical—idea that comes to mind is gener-

ously compensated lobbyists walking the 

halls of legislature and advocating on behalf 

of their clients over expensive dinners. While 

this image may make for great television 

drama, it is an incomplete picture, especially 

as regards science advocacy.

According to the Merriam-Webster dictionary, an “ad-

vocate” is “a person who works for a cause or group.”

This definition aptly describes a science advocate, and 

it was underscored in the 

NextGenVOICES survey on 

advocacy in the 4 April 

2014 issue of Science. When 

young investigators were 

asked what they would do 

if they had five extra hours 

to advocate for science, the 

majority desired to engage 

with the public and to in-

spire students and teach-

ers alike about the wonders 

and power of science and 

technology. Others wanted 

to bring their stories to gov-

ernment in the hope of in-

spiring support for the next 

generation of researchers.

The recognition that sci-

entific research involves 

more than simply working 

alone in a lab and publish-

ing the results demonstrates 

that these survey partici-

pants view their place at the 

intersection of science and 

society in a more nuanced 

fashion. They combine both a passion for their work and 

a sense of responsibility for contributing to a broader 

discourse. Science’s “Outside the Tower” (see page 279), 

written by scientists or citizen scientists, will highlight 

projects or events that engage the public.

The relationship between science policy and advocacy 

is also a nuanced one. Science can be a powerful tool for 

developing policies (e.g., public health, food safety), and 

at the same time policies can have a powerful impact on 

the conduct of science, in ways that extend far beyond 

public funding allocations alone.

If scientists want to advocate for science, they need to 

add some additional skills to an already exceptional skill 

set. Being outstanding in one’s field does not make one 

an engaging communicator. Learning how to communi-

cate science to a lay audience is as much an art as it is a 

science, and more institutions offer such courses.

For science policy, it is incumbent on researchers to 

gain a better understanding of the relationship between 

science and policy, the roles of the executive and legisla-

tive branches of government, and the responsibility that 

comes with being a reputable advocate. A communica-

tor extraordinaire may do more harm than good if she 

or he does not understand or appreciate the broader 

context within which the 

debate over science policy is 

conducted.

Fortunately, there is a 

hunger and desire to learn 

about science policy and ad-

vocacy. The 40-year success 

of the AAAS Science and 

Technology Policy Fellow-

ships, and the recently held 

Catalyzing Advocacy in Sci-

ence and Engineering work-

shop for graduate students,

demonstrate this point. 

The workshop (arranged by 

AAAS and other organiza-

tions) introduced students 

to the role of science in 

policy-making with the goal 

of empowering them with 

ways to become a voice for 

science throughout their 

career. As one participant 

stated, “I finally understood 

science policy and how it is 

present in different ways in 

a lot of aspects of our lives 

as citizens and scientists.” Or the tweet from another stu-

dent: “Scientists that know how to talk to Congress are 

worth their weight in gold.”

To paraphrase Thomas Kuhn, the physicist and his-

torian, science is more than just a set of discrete facts, 

theories, and methods. It comprises individuals across 

a multitude of disciplines, sectors, and nations who con-

tribute to the “constellation” that we call science. So sci-

entists should recognize their star quality and hone their 

skills to become effective advocates for science, whether 

at elementary schools, museums, churches, or even the 

halls of government.

Science advocacy, defined    

Joanne Padrón 

Carney is the 

director of 

government 

relations at AAAS, 

Washington, DC. 

E-mail: jcarney@

aaas.org

EDITORIAL

– Joanne Padrón Carney

10.1126/science.1258492

 “Scientists [who] know how to 
talk to Congress are worth their 

weight in gold.”
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AROUND THE WORLD

Building ‘big data’ scientists
BEIJ ING |  In a deal brokered with China’s 

Education Ministry, IBM pledged last 

week to donate $100 million in software to 

Chinese universities to help produce a new 

generation of data scientists. The agree-

ment includes the creation of research 

centers focused on big data—data too large 

for traditional applications—at 100 institu-

tions. The $2.3 billion big data technology 

and services market in China is expected 

to nearly quadruple in size in the next 

2 years, according to CCID Consulting in 

Beijing. But China lacks sufficient scien-

tists to handle that deluge of data. IBM’s 

cash infusion could help fix that—and 

would give IBM valuable access to the 

Chinese market, notes Shi Yong, executive 

deputy director of the Chinese Academy 

of Sciences’ Research Center on Fictitious 

Economy & Data Science in Beijing. “It’s a 

win-win situation.”

Organic foods come up rosy
NEWCASTLE, U.K . |  The largest meta-

analysis of organic food studies to date 

has found that organic fruits and veg-

etables have higher levels of antioxidants 

compared with conventionally grown 

crops. The levels were up to 69% higher, 

which the authors say is equivalent to the 

amount in two servings. Pesticide levels 

were lower, which was expected because 

organic growers are not allowed to use 

T
he U.S. Geological Survey’s (USGS’s) seismic hazard maps in-

fl uence hundreds of billions of dollars in construction every 

year. This week, USGS released its latest earthquake hazard 

map for the country. On a national scale, the U.S. earthquake 

hazard picture hasn’t changed much since the last 2008 maps, 

says the report’s lead author, seismologist Mark Petersen of 

USGS in Golden, Colorado. The hazards are still high in California and 

the Pacifi c Northwest, and there’s still a hot spot in the New Madrid 

Seismic Zone. But, Petersen notes, the devil is in the details. The maps 

include new ground motion models and lessons learned from power-

ful subduction-zone earthquakes around the world, such as the 9.0-

magnitude Tohoku earthquake of 2011. The new data lead to increased 

hazard estimation in southern Cascadia, as well as new models of 

fault ruptures across California. The new maps don’t include induced 

seismicity—earthquakes due to human activities, such as reintro-

ducing wastewater into injection wells—because mapping out those 

hazards to incorporate them into building codes requires “a dif erent 

logic tree,” Petersen says. USGS is planning regional workshops for 

future map updates to include the controversial quakes. Stay tuned. 

http://scim.ag/2014seishaz

Highest hazard

Lowest hazard

Shaking out the U.S.’s earthquake risk

New hazard maps highlight seismic hot spots.

NEWS
I N  B R I E F

“
It felt very much like a punch to the gut.

”Hannah Gay, a pediatrician at the University of Mississippi Medical Center 

in Jackson, at a 10 July teleconference, after learning that HIV was detected in a child 

she treats. Infected at birth, the child appeared to be cured for more than 2 years.

Vegetables at a farmers market in Seattle, Washington.

Published by AAAS
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most kinds. Cadmium, which can be toxic 

in high doses, was also lower in organi-

cally grown cereals. (Both pesticides and 

cadmium were below the levels of concern 

set by regulators.) The review, which 

appears this week in the British Journal of 

Nutrition, examined 343 studies—enough 

to allow the authors to weight each study 

according to its quality, says the review’s 

lead author Carlo Leifert, an agronomist 

at Newcastle University. 

No Scripps-USC merger
SAN DIEGO, CALIFORNIA |  Officials at the 

Scripps Research Institute announced 

9 July that they’ve called off discussions 

with the University of Southern California 

(USC) on a possible merger. The world’s 

largest private biomedical research 

institute, with campuses in San Diego, 

California, and Jupiter, Florida, Scripps 

has faced financial woes, in large part due 

to a 12% drop in research grants from the 

National Institutes of Health between 2007 

and 2013. USC has deeper pockets and 

more diverse sources of income. Media 

reports about the proposed merger sug-

gested USC offered $15 million over 

40 years to absorb the 262-member Scripps 

faculty. But those researchers revolted: Ten 

department chairs and a dean sent a letter 

to Scripps’s president and the chair of its 

board of trustees, saying the proposed 

terms were “not even close to what it 

would take to build faculty support.” 

http://scim.ag/noUSCmerger

First dengue vaccine limited
LYON, FRANCE |  The first phase III efficacy 

trial of a vaccine for the tropical, mos-

quito-borne disease dengue has produced 

a glass-half-empty-or-half-full conundrum. 

The vaccine proved safe, but immuniza-

tion reduced incidence of the disease by 

only 56.5%, mostly due to limited efficacy 

against dengue 2, one of four serotypes 

The Scripps Florida campus.

COLLEGE MAJORS OCCUPATION GROUPS

Source: U.S. Census Bureau, 2012 American Community Survey
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A fresh look at the STEM workforce

T
he U.S. Census Bureau has created a nifty interactive graphic showing the 

employment picture for college graduates with so-called STEM (science, technol-

ogy, engineering, and mathematics) degrees. Both sides in the long-running 

debate over whether the country is producing too few—or too many—STEM 

workers have been handicapped by confusing data. So last fall the Census 

Bureau asked a team of graphic designers and statistical analysts to design a more 

compelling way to depict job flows: where the nation’s 14.8 million STEM graduates 

are working and what training the 5.2 million people holding STEM jobs have received. 

The chord diagrams, using data from a study of the STEM workforce requested by the 

White House, paint a compelling picture, including nuggets such as where people with 

biology degrees are employed (above). The original report came out last fall (census.

gov/prod/2013pubs/acs-23.pdf), but you’ll probably have more fun playing with the 

graphic, at census.gov/dataviz/visualizations/stem/stem-html/.

of the virus. Researchers reported the 

trial results, involving more than 10,000 

children in five Southeast Asian countries, 

online on 11 July in The Lancet. Sanofi 

Pasteur, which developed the vaccine, 

plans to deliver the first doses by the end 

of 2015, provided the vaccine obtains mar-

ket approval, says Guillaume Leroy, head 

of the company’s dengue program. Public 

health officials in affected countries now 

face a difficult decision: whether cutting 

the disease burden in half is worth the 

cost of including the vaccine in national 

immunization programs. 

U.K. science minister shuffle 
LONDON |  David Willetts resigned as U.K. 

universities and science minister on 14 

July as part of a government reshuffle. U.K. 

scientists and policy leaders had praised 

Willetts as a strong advocate for research 

funding after the financial downturn: 

Under Willetts, appointed in 2010, science 

dodged expected cuts and was guaranteed 

£4.6 billion annually for the following 

4 years—although, adjusted for inflation, 

the science budget lost £1.1 billion from 

October 2010 to 2015–2016, notes the U.K. 

Published by AAAS
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For all who want to
understand physics,
the answer is here!

“Fields of Color” explains quantum

field theory to a lay audience without

equations. It shows how this often

overlooked theory resolves the

weirdness of quantum mechanics

and the paradoxes of relativity.

And yes, it explains what light

quanta are.

From reviews at amazon.com:

“Wonderful book”

“Opened my eyes”

“Couldn’ t put it down”

“Finally it all makes sense”

To buy or look inside visit:

www.quantum-field-theory.net

“Fifty years of pondering have

not brought me any

closer to answering

the question,

what are

light quanta?”

- Albert Einstein, 1951

Campaign for Science and Engineering. 

On 15 July, Greg Clark, a conservative 

minister responsible for cities policy and 

constitutional reform, took over Willetts’s 

portfolio. The reshuffle is seen as an effort 

by Prime Minister David Cameron to bring 

in more women and younger ministers in 

his government ahead of next year’s parlia-

mentary elections. http://scim.ag/Willetts

 NEWSMAKERS

New E.U. committee head
Following the E.U. elections in May, the 

European Parliament’s research com-

mittee has a new chair: Jerzy Buzek, a 

conservative politician from Poland and 

a former chemical engineering profes-

sor. Buzek presided over the European 

Parliament from July 2009 to January 

2012 and was prime minister in his 

country from 1997 to 2001. As chair of the 

Industry, Research and Energy (ITRE) 

Committee, Buzek will have a strong voice 

in the union’s science and innovation poli-

cies. Now that Horizon 2020, the bloc’s 

7-year science funding 

program, is under way, 

energy policy—one of 

Buzek’s pet subjects—

will be higher on 

ITRE’s agenda, says 

Jerzy Langer, a Polish 

physicist who served as 

deputy science minis-

ter in 2005. Langer praises Buzek as an 

enthusiastic “gentleman professor” and 

a good listener with a knack for consen-

sus. Buzek was elected by acclamation 

last week, meaning that he was the only 

candidate for the post. The committee also 

decided that after 2.5 years, former E.U. 

budget commissioner Janusz Lewandowski 

will take over from Buzek, who’s 74. 

http://scim.ag/JerzyBuzek

Flying dino had long, feathery tail

P
lease welcome the latest member of the growing club of flying dinosaurs, 

Changyuraptor yangi, pictured here in an artist’s reconstruction. This latest 

specimen, found in 125-million-year-old sediments in northeastern China, 

was about 1.2 meters long and is related to a noted group of flying dinosaurs 

called Microraptor, which has provided important insights into the evolution of 

powered flight. Like Microraptor, the new specimen had feathers on all four limbs; 

but its feathery tail, which takes up about 30% of its total length, is the longest 

known among flying dinosaurs. Changyuraptor, described this week in Nature 

Communications, weighed 4 kilograms, making it among the heaviest flying dino-

saurs known. As for its long tail, the dino probably used it to slow itself down when 

descending, thus avoiding crash landings.

C. yangi’s tail 

is the longest 

of any flying 

dinosaur.

Published by AAAS



By Jon Cohen

A
ngry. Disappointed. Astonished. Those 

are the words Tom Frieden, head of 

the U.S. Centers for Disease Control 

and Prevention (CDC), chose to de-

scribe his reaction to three separate, 

extraordinary mishaps with poten-

tially deadly “select agents” that occurred 

in U.S. government labs over the past few 

months. “Events like this should never hap-

pen, and that’s why I will do everything in 

my power to make sure that nothing like this 

happens again,” he said at an 11 July press 

conference at CDC headquarters in Atlanta. 

That includes temporarily closing two CDC 

labs and halting the shipment of the most 

dangerous pathogens. 

No one was harmed in the three security 

breaches, two at CDC with anthrax and a 

particularly dangerous strain of influenza, 

and a third at the U.S. National Institutes of 

Health (NIH) in Bethesda, Maryland, where 

overlooked vials of smallpox that should 

have been destroyed decades ago were 

discovered. But the blunders bruised public 

faith in safety procedures at government 

labs, triggered inquiries from Congress, 

and have focused renewed scrutiny on 

controversial “gain-of-function” experiments 

that manipulate dangerous flu strains to 

better understand which factors might make 

them transmit more readily in humans.  

“I don’t know the last time I’ve seen a CDC 

director express anger and concern over a 

public health lab issue,” says bioterrorism 

expert Michael Osterholm, director of the 

Center for Infectious Disease Research and 

Policy at the University of Minnesota, Twin 

Cities. “This is a very dark cloud over lab 

science in general. We’ve been so busy trying 

to keep the bad guys out of the laboratory 

that we forget that the good guys sometimes 

don’t do it carefully.”

In what Frieden called “the most 

distressing of the three incidents,” a CDC 

lab that specializes in influenza sent what it 

thought was a relatively nonpathogenic avian 

strain to the U.S. Department of Agriculture. 

After researchers noticed the sample was 

behaving oddly, they discovered that it had 

been contaminated with H5N1, a bird flu 

virus that readily kills humans. Frieden 

said he was troubled that CDC’s “superb 

laboratory” could make such a mistake and 

that higher-ups weren’t notified for 6 weeks. 

The second breach, disclosed in June, took 

place at CDC’s Bioterrorism Rapid Response 

and Advanced Technology laboratory, which 

was testing a method to detect anthrax. 

As CDC described in a report released 

11 July, scientists working in a biosafety 

level 3 (BSL-3) lab that requires them to 

wear spacesuitlike gear failed to properly 

inactivate anthrax samples before shipping 

them to lower security CDC labs. Sixty-seven 

CDC workers were potentially exposed. 

Thomas Inglesby, director of the UPMC 

Center for Health Security in Baltimore, 

Maryland, says the lab errors are especially 

concerning because they occurred at CDC, 

which he says has some of the most highly 

qualified experts in the world. “It should 

make us all mindful that if we see these 

problems at CDC, which is quite transparent 

in its ways, we should presume these events 

are happening elsewhere.” 

Frieden closed both the bioterrorism 

and influenza labs involved and imposed a 

moratorium on shipment of any biological 

material from CDC’s BSL-3 or even more 

secure BSL-4 labs to outside researchers. 

A CDC spokesman told Science it ships an 

average of 200 samples of infectious agents 

each month, noting that some are inactivated 

and that it does not know how many come 

from BSL-3 and -4 labs. Anthony Fauci, head 

of the U.S. National Institute of Allergy and 

Infectious Diseases in Bethesda, says the 

researchers who work with these dangerous 

pathogens “are an extremely small cohort 

of the group we fund.” He strongly supports 

the shipping moratorium. “We have to call a 

time-out and make sure we get these things 
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Alarm over 
biosafety 
blunders
Lapses stoke debate 
about flu virus research

LAB SAFETY

CDC microbiologist 

Thomas Stevens showers 

before leaving a BSL-4 lab.
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By Jeffrey Mervis

L
etting a scientist who is applying for a 

federal grant also serve as a reviewer of 

proposals from competitors has always 

been a no-no. But the National Science 

Foundation (NSF) recently crossed that 

line, running an experiment that not 

only allowed more than 100 applicants to 

double as reviewers, but also required them 

to assess seven competing proposals as the 

price for submitting 

their own. NSF officials 

say the pilot, aimed at 

easing the strain on a 

merit review system 

stretched to the break-

ing point, saved time 

and money and may 

even have improved the 

quality of reviews.

NSF used some 36,500 

researchers last year as 

volunteer reviewers of 

49,000 proposals. The 

number of proposals is 

up 53% from 2001, but 

because NSF’s budget 

hasn’t kept pace, success 

rates fell from 31% to 

22% over the same period. Those trends have 

increased the cost of peer review and caused 

some scientists to gripe about wasting their 

time reviewing good ideas that have little 

chance of being funded.

Rather than simply wring his hands 

over the problem, longtime NSF program 

manager George Hazelrigg went looking 

for an alternative that would distribute 

the workload more equitably and provide 

reviewers with a positive incentive. He found 

inspiration in a 2009 paper by astronomer 

Michael Merrifield of the University 

of Nottingham in the United Kingdom 

and mathematician and voting system 

specialist Donald Saari of the University 

of California, Irvine. The paper proposed 

using applicants as reviewers to tackle the 

flood of applications for observing time 

on instruments operated by the European 

Southern Observatory (ESO).

In NSF’s version of what Merrifield calls 

“our radical alternative,” 

a p p l i c a n t s a s s e s s e d 

t h e q u a l i t y o f s e v e n 

p r o p o s a l s a n d t h e n 

r a n k e d t h e p r o p o s a l s 

from best to worst. NSF 

also employed a novel 

scoring system aimed at 

dissuading a reviewer 

f r o m  d o w n g r a d i n g a 

c o m p e t i t o r ’ s p r o p o s a l 

i n  o r d e r t o boost their 

own; reviewers earned 

b o n u s p o i n t s o n t h e i r 

o w n a p p l i c a t i o n s i f 

t h e i r a s s e s s m e n t s o f 

other proposals closely 

m a t c h e d w h a t t h e i r 

colleagues thought. 

The agency announced the pilot in May 

2013 in a letter to those likely to seek funding 

from NSF’s program on sensors and sensing 

systems within its engineering directorate. 

Participation was mandatory for the October 

cycle, it said, although scientists who didn’t 

like the idea could wait for the next deadline, 

in mid-February. To Hazelrigg’s surprise and 

delight, NSF received 131 applications, some 

50 more than the norm for a fall cycle. 

“I understood that I was agreeing to do 
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Daniel Perez, a researcher at the University 

of Maryland, College Park, who works with 

highly pathogenic influenza strains, says the 

moratorium could have an impact on his 

work if “CDC takes too long on deciding on 

additional policies on transfer of materials.” 

Perez thinks existing policies are adequate 

but must be strictly followed by properly 

trained and supervised lab workers. 

The third incident involved six vials of 

smallpox found on 1 July in a Food and 

Drug Administration refrigerated storage 

room at NIH. The vials, dated 10 February 

1954—more than 2 decades before smallpox 

was eradicated—were in what amounts to a 

walk-in refrigerator. On 7 July, FBI and local 

police helped CDC staffers move the samples 

from Bethesda to a government plane and 

fly them to a CDC BSL-4 lab in Atlanta. CDC 

is one of only two institutions in the world 

authorized to hold the smallpox virus. At the 

press conference, Frieden announced that 

two of the six vials of freeze-dried virus tested 

so far contained live virus. After completing 

the testing and doing genomic sequencing, 

CDC will destroy the smallpox viruses and 

related material. Fauci said NIH did an 

extensive inventory of all of its freezers for 

select agents in 2012, but it did not inspect its 

cold rooms because they’re typically not used 

to store dangerous pathogens. Now, NIH will 

conduct that inventory. “This sounds to me 

like an unusual fluke,” Fauci says. 

Frieden announced at the press conference 

that CDC would like to reduce the number 

of BSL-3 and -4 labs around the country  

and, in turn, the number of people who 

work with dangerous pathogens “to the 

absolute minimum necessary.” According to 

a Government Accountability Office report 

released last year, there were 415 BSL-3 and 

-4 labs registered with the Federal Select 

Agent Program in 2004 and 1495 in 2010. 

The lapses are stoking the debate about 

gain-of-function experiments. Inglesby is 

one of 17 prominent researchers who have 

banded together as the “Cambridge Working 

Group” and issued a statement on 14 July 

that calls for curtailing all such research 

until the risks have been more credibly 

assessed. “Discussions that have gone on 

in the last couple of years about laboratory 

safety in some cases have been so assuring 

that you might have the impression that lab 

accidents are in the realm of the impossible,” 

Inglesby says. “That’s just not correct. No 

matter where you are in the debates about 

gain-of-function research, everyone has 

to start with the assumption that we have 

human systems and they are fallible. There’s 

no such thing as perfect systems.” ■

With reporting by Jocelyn Kaiser.

A radical change in peer review
Each NSF applicant evaluated seven competing proposals

RESEARCH GRANTS

Source: NSF
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In 2013, 36,475 experts conducted
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59% 
Panel review

6% 

Mail only

35% 

Mail & panel
review

NSF’s George Hazelrigg with 

a pile of grant applications.
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By Nadia Whitehead

E
very obstetrician dreads it. Without 

warning, the blood pressure of a seem-

ingly healthy pregnant woman surges; 

if the baby isn’t delivered right away, 

she may die. This is preeclampsia, the 

leading cause of death in pregnant 

women and a medical mystery. Dubbed 

the disease of theories, no one knows its 

cause or how to prevent it. Now, a team of 

researchers and clinicians offers an entirely 

new take on this bewildering disorder: Pre-

eclampsia, like Alzheimer’s, Parkinson’s, and 

mad cow diseases, is marked by misfolded 

and clumped proteins. 

Whether these bunched proteins ac-

tually cause the disorder is still unclear. 

But the proteins, reported this week in 

S c i e n c e T r a n s l a t i o n a l M e d i c i n e , c o u l d 

open the way to a simple urine test to 

definitively diagnose preeclampsia before 

symptoms worsen. “The study is just ter-

rific,” says Daniel Kahn, a research obste-

trician at the University of California, Los 

Angeles, who was not part of the team. 

“Their discovery can easily be used [as a 

diagnostic tool] in low-resource settings, 

which is just tremendous because this can 

be applied worldwide.”

Preeclampsia affects about 5% to 10% of 

pregnancies and kills an estimated 76,000 

women every year worldwide. Potential 

causes include abnormalities in immune tol-

erance and placental development, or even 

diet. The only way to prevent the mother’s 

downward spiral into the seizures and 

hemorrhaging of eclampsia is to deliver the 

baby prematurely, risking its survival, espe-

cially in developing countries. Kahn says an 

early warning could allow doctors to send 

women developing preeclampsia to hospitals 

equipped to deal with preemies, saving lives.  

Doctors routinely check pregnant women 

for symptoms of preeclampsia: high blood 

pressure and elevated levels of protein in 

their urine. But not every woman has these 

signs, and preexisting conditions can mask 

the warnings. In search of a better diagnos-

tic tool, Irina Buhimschi, a researcher at 

Nationwide Children’s Hospital and Ohio 

State University, Columbus, asked: “Could 

we diagnose preeclampsia by looking at 

the ‘fingerprint’ of proteins in women with 

this disorder?” 

The team collected urine from more than 

600 pregnant women and analyzed the sam-

ples with Congo red, a dye that binds to large 

clumps of protein but washes off smaller 

molecules. Samples stayed straw-colored 

in women with normal pregnancies but 

turned telltale red in those with suspected 

preeclampsia. The amount of clumped pro-

tein, as indicated by the intensity of the stain, 

predicted with an accuracy of 80% or higher 

which women would require early delivery. 

Correctly folded proteins don’t clump 

this way, Buhimschi explains, so the aggre-

gations signal improper folding. The team 

found that five specific proteins repeatedly 

bunched together. To their surprise, one 

was amyloid precursor protein, notorious 

for its role in Alzheimer’s, where it is sus-

pected to cause dementia. 

Fetal hemoglobin, known to be excreted 

by preeclamptic women, could be inflat-

ing the estimates of clumped proteins in 

some tests, cautions research obstetrician 

Stefan Hansson of Lund University in Swe-

den. He and Kahn aren’t ready to label pre-

eclampsia as a protein misfolding disease, 

saying the clumped proteins may be a con-

sequence rather than a cause of the disease. 

A l t h o u g h B u h i m s c h i i s n ’ t s u r e h o w 

bunched proteins might cause the disease, 

she thinks they may offer new lines of treat-

ment, perhaps by using Alzheimer’s drugs 

that help prevent misfolding. “These dis-

eases may look different, and have different 

symptoms,” she says, but “the mechanism is 

common.” ■

Proteins and a pregnancy woe 
Surprising insight into preeclampsia may offer early 
warning for at-risk women
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a bunch of reviews, but that didn’t affect 

my decision to apply,” says Rolf Mueller, a 

bioengineer at Virginia Polytechnic Institute 

and State University in Blacksburg. “I had 

what I thought was a pretty good idea.” Even 

so, he says “it was interesting to see some 

of the other proposals.” (Mueller was right: 

He won a $360,000 grant to explore how a 

bat’s biosonar system might help improve 

humanmade sensors.) 

NSF says there is some evidence the 

experiment led to “more comprehensive 

reviews.” Each proposal received seven 

reviews rather than the normal three or 

four, Hazelrigg notes. “And each review 

had, on average, 40% more words.” (Only 

one entrant was disqualified, for failing to 

meet the 6-week deadline for submitting 

the reviews.)

The system saved time and money, says 

Hazelrigg, the acting director of the NSF’s 

Civil, Mechanical and Manufacturing Inno-

vation (CMMI) Division. It eliminated the 

need to spend 2 or 3 weeks winnowing a 

list of some 400 potential reviewers to the 

16 to 20 needed for a panel. And mail reviews 

meant NSF didn’t have to pay travel and 

per diem expenses to bring those reviewers 

to NSF headquarters in Arlington, Virginia. 

“Our division runs 200 panels a year,” he 

says, “so that’s a big cost savings.”

The pilot has some potential downsides. 

One NSF program manager who asked to 

remain anonymous worries that a bonus 

system based on group consensus could 

discourage innovative ideas. “It rewards 

people for playing it safe,” the program 

manager says. Hazelrigg plays down that 

possibility, however, noting that a program 

manager can recommend a proposal for 

funding even if reviewers raise doubts.

NSF officials are still evaluating whether 

to expand the CMMI pilot, one of seven 

experiments to tweak merit review that the 

agency conducted last year. In the meantime, 

one group of astronomers has decided to run 

its own version.

Markus Kissler-Patig was an ESO scientist 

when Merrifield and Saari wrote their 2009 

paper. And although ESO didn’t change 

its procedures, Kissler-Patig resurrected 

the idea when he became director of the 

Gemini Observatory, a consortium that 

operates twin 8-meter telescopes in Hawaii 

and Chile. After much discussion, the 

observatory will begin using applicants as 

reviewers next January, to allocate 10% of 

the viewing time on Gemini North.

“If it works, we can expand it to Gemini 

South,” says Rachel Mason, a staff astro-

nomer in Hawaii who is coordinating the 

experiment, called Fast-Turnaround. With-

out such changes, she says, “the existing 

system is simply going to break down.” ■

Doctors monitor the blood pressure of pregnant 

women, which can surge without warning. 
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By Emily Underwood

L
ast fall, Geoffrey Ling, a top biotech-

nology research official at the Defense 

Advanced Research Projects Agency 

(DARPA), challenged neuroscientists to 

do something extraordinary: Develop 

an implantable device that can reverse 

memory loss in veterans with traumatic 

brain injuries. Dangling up to $40 million in 

funding, Ling said: “Here’s the golden ring—

who’s brave enough to step up and actually 

grab it?”

Last week, DARPA announced that two 

academic teams have made the lunge. Both 

teams, at the University of California, Los 

Angeles (UCLA), and the University of 

Pennsylvania (Penn), aim to develop electri-

cal prostheses that will tickle brain regions 

critical to memory. The U.S. Department 

of Energy’s Lawrence Livermore National 

Laboratory in California and device manu-

facturer Medtronic will also participate, 

aiming to build neurostimulators at least 

10 times smaller than previous devices. In 

spite of the scale of the efforts, however—

UCLA’s is funded at up to $15 million over 

4 years and Penn’s at up to $22.5 million 

over the same period—some researchers 

are skeptical about their prospects. Scien-

tifically, “it’s a bit early” for the approach 

DARPA has chosen, says neuropsychologist 

James Sumowski of the Kessler Foundation 

in West Orange, New Jersey.

Both teams will start by studying neu-

ronal activity in people with epilepsy who 

are undergoing brain surgery to remove the 

focus of the seizures. In some patients, sur-

geons must blanket the brain with hundreds 

of electrodes and wait weeks for a seizure 

to occur before determining where to op-

erate, says neuroscientist Michael Kahana, 

head of the Penn team. That gives research-

ers a chance to map “in exquisite detail” the 

electrophysiology of memory storage and 

retrieval, he says. The electrical recordings 

should also offer insights into memory im-

pairment, which many epileptics experience.

By searching for electrical “biomarkers” 

of both normal and impaired memory re-

trieval and storage, Kahana hopes to build 

computer programs that can detect when 

memory goes awry and instruct a device to 

help repair it. Kahana’s group has already 

detected signature patterns of brain activ-

ity associated with the proper encoding, 

or storage, of new memories and will soon 

publish evidence of the first signatures of 

memory retrieval, he says. “The early results 

are highly promising.” 

The UCLA group, led by neurosurgeon 

Itzhak Fried, will use a different method 

to develop a memory formation model. 

Fried’s earlier work in people with epilepsy 

has shown that stimulating a brain region 

called the entorhinal cortex improves per-

formance on a computer game that requires 

players to quickly learn and remember 

where to drop off taxi passengers in a vir-

tual city. Now, Fried will use data from such 

studies to build simulations of how the 

entorhinal cortex and the hippocampus, 

another region crucial to memory, work 

together to convert daily experiences into 

lasting memories. 

If these efforts succeed, the researchers 

ultimately hope to conduct the first clinical 

trials of devices that produce deep brain 

stimulation in people with traumatic brain 

injury. But relying too heavily on epilepsy 

as a model for memory loss in traumatic 

brain injury could prove problematic, 

Sumowski says. Most people with those 

injuries don’t show the same patterns of 

abnormal electrical activity or areas of at-

rophy seen in epilepsy, he says. “They are 

very different disorders.” 

The success of the projects will also 

depend greatly on exactly what kind of 

memory loss brain injury sufferers actually 

have, predicts Roger Redondo, a neuro-

scientist at the Massachusetts Institute of 

Technology in Cambridge. If a memory is 

there, but difficult to access or retrieve, 

stimulation might be useful. But if the con-

nections that form a memory never devel-

oped or were destroyed, “no implantable 

device is going to help,” he says.

Determining which cells contain the 

memory and precisely tuning electrical 

stimulation to drive its retrieval “is going 

to be extremely hard,” Redondo adds. “The 

complexity of the brain, and the hippo-

campus, is such that any change in voltage 

that a microelectrode or chip can apply, 

even in a tiny area, will affect multitudes of 

neurons in uncontrolled ways.”                    

Kahana is encouraged by evidence from 

disorders such as Parkinson’s disease and 

obsessive-compulsive disorder, which can 

be effectively treated with electrical stimu-

lation even though researchers don’t fully 

understand how zapping the brain affects 

circuits on a cellular level. The memory 

biomarkers from epileptics will serve as 

“beacons” for physicians attempting to coax 

injured brains back to normal, he says. 

Such challenges define the kind of high-

risk projects that DARPA’s Restoring Active 

Memory (RAM) program is supposed to 

tackle, says Justin Sanchez, RAM’s project 

manager. (RAM is part of the federal gov-

ernment’s roughly $110 million BRAIN, or 

Brain Research through Advancing Inno-

vative Neurotechnologies, Initiative.) Given 

the 270,000 veterans of the Iraq and Af-

ghanistan wars who have diagnosed trau-

matic brain injuries, nothing less than a 

major scientific and technological leap is 

required, he says. “We’re going to take an 

entirely new strategy compared to what is 

currently available out there.” ■
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Electrodes measure brain activity 

in patients with epilepsy.

Researchers aim for an 
electrical memory prosthesis
DARPA-funded effort to develop implants for traumatic 
brain injuries draws skepticism
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By Elizabeth Pennisi

G
eneticists have sequenced obscure 

fishes, extinct beasts, and many, many 

microbes, not to mention crops in-

cluding corn and rice. But for a long 

time, the genome of the world’s most 

widely grown cereal, wheat, remained 

mostly uncharted, thought to be too complex 

for existing sequencing approaches. 

In 2005, wheat farmers in Kansas, which 

grows 18% of the U.S. wheat crop, decided to 

defy the conventional wisdom, believing that 

a genome on par with that of rice was neces-

sary to breed the best varieties of their crop. 

This week, the Kansas Wheat Commission’s 

efforts bore fruit. On pages 286 and 287, the 

group it helped spawn—the International 

Wheat Genome Sequencing Consortium 

(IWGSC)—describes a coarse “survey” se-

quence, covering about 61% of the genome 

and likely more than 95% of the genes, of a 

strain of bread wheat, and a more detailed 

sequence of one chromosome. “There were 

people who said it couldn’t be done,” recalls 

IWGSC Executive Director Kellye Eversole.

These new data are “a resource that 

we’ve been eagerly waiting for,” says James 

Anderson, a wheat breeder at the University 

of Minnesota, Twin Cities. They should allow 

him and his colleagues to greatly speed up 

the breeding of new strains of wheat, more 

productive than today’s and more resistant 

to drought and pests.

The sequencing effort was indeed daunt-

ing. The “big three” cereal crops span the 

range of genome complexity and size. Rice, 

which in 2002 became one of the first plant 

genomes deciphered, is relatively simple. Its 

genome is diploid, meaning there are just two 

copies of each chromosome. Maize DNA—

sequenced in 2009—at one point had four 

copies of each chromosome, but has evolved 

into an ostensibly diploid genome with a lot 

of duplication. Wheat is another matter. It 

essentially contains three very distinct ge-

nomes, called subgenomes A, B, and D, all 

very similar. (C belongs to another wheat 

species.) Each has seven chromosomes, for a 

total of 21. 

That’s a challenge for the now-common 

whole genome shotgun approach to se-

quencing, in which the wheat’s DNA would 

be broken into small fragments, which 

would be read individually. A computer pro-

gram would then piece the resulting short 

sequences together into the full genome. 

But with so many virtually identical chro-

mosomes, riddled with repetitive DNA, as-

sembling the different subgenomes correctly 

would be virtually impossible. 

So IWGSC first separated the chromo-

somes and did a shotgun sequence for each 

one on its own. They then combined the 

information into the survey genome. At the 

same time, Catherine Feuillet, a consortium 

co-chair who is now a geneticist at Bayer 

CropScience in Morrisville, North Carolina, 

and her colleagues took a more detailed look 

at wheat’s largest chromosome, 3B. They split 

it into 100,000-base fragments and placed 

each into a bacterium that proceeded to rep-

licate, making many copies of the so-called 

bacterial artificial chromosomes (BACs) con-

taining the wheat DNA. By sequencing thou-

sands of copies of each BAC, they generated 

a highly accurate read of each 3B fragment 

despite wheat’s repetitive DNA. Deciphering 

these BACs one by one revealed the location 

of genes on chromosome 3B much more pre-

cisely than the shotgun survey did for the 

rest of the genome. 

The in-depth sequence reveals that chro-

mosome 3B is divided into distinct regions. 

Other studies of the DNA showed that genes 

closer to each chromosome end tend to be ex-

pressed only under specific conditions, such 

as during drought stress or early in develop-

ment, whereas genes more broadly active 

are closer to the center. The BAC-by-BAC ap-

proach also revealed that many genes exist 

in multiple copies within the chromosome, 

duplicates the shotgun strategy would have 

often missed, Feuillet says. 

Already, research teams within Norway 

and Japan are completing two more wheat 

chromosomes using BACs, and an inter-

national coordinating body called the Wheat 

Initiative has come out in favor of that same 

approach for the rest of the genome. What’s 

still missing, Eversole says, is the estimated 

$19 million needed to finish the job. Tackling 

3B alone cost $6.8 million, but sequencing 

costs have recently dropped dramatically. 

(The total amount spent so far by IWGSC is 

about $68.5 million, Eversole notes.)

Meanwhile, an independent group that 

published a gene inventory of wheat 2 years 

ago believes it has a quicker and cheaper 

approach. The group, now led by Mario 

Caccamo, director of the Genome Analysis

Centre in Norwich, U.K., and Michael Bevan, 

a plant geneticist at the John Innes Centre 

in Norwich, has about $7 million from 

the U.K. government and  

plans to use a new sequenc-

ing technology that 

reads very long  DNA 

molecules. That, along with improvements 

in the computer programs that stitch to-

gether sequence information, might make 

it possible to produce a high-quality wheat 

genome through the shotgun method. 

“The question is whether breeders need 

this [detailed] information,” says Alan 

Schulman, a molecular biologist at MTT Ag-

rifood Research Finland in Helsinki. Even 

the survey genome published this week will 

be a boon for breeders, who have become in-

creasingly reliant on assessing DNA markers 

in seedlings to quickly tell if they have a de-

sired trait, rather than waiting for the plants 

to grow up. The survey sequence provides 

many more markers and a better sense of 

what genes are close to those markers, en-

abling wheat breeders to be more precise in 

their efforts. But, Anderson notes, “you really 

need that complete sequence” for pinning 

down a trait’s exact gene. And that could help 

breeders make wheat, the staff of life for a 

third of the world, a little sturdier. ■
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Harvest of genome data for wheat growers
DNA survey orders genes, edging closer to the deciphering of this complex crop

AGRICULTURE

3B is fully sequenced; there’s progress (orange) on several others

Wheat chromosomes: 0ne down, 20 more to go

Source: IWGSC
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The elusive heart fix
After years of hope and hype, researchers still don’t agree 

whether cell infusions rejuvenate the human heart 

By Jennifer Couzin-Frankel
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I
n April, a maverick British cardio-

logist rocked his field with an assault 

on one of its cherished hopes. He sug-

gested that a strategy for rejuvenat-

ing a damaged heart with infusions of 

cells, which has tantalized doctors and 

patients for more than a decade, does 

not work.

Darrel Francis treats patients with 

heart disease at Imperial College London, 

but he also has a penchant for debunking 

medical practices, both the accepted and the 

experimental. (Earlier this year, he suggested 

that the European recommendation to start 

β-blocker drugs during certain surgeries 

to prevent heart attacks was killing more 

people than it saved.) His interest 

in cell therapy was piqued several 

years ago, after a patient traveled to 

Germany for a cardiac cell therapy 

trial. Francis later came across a 

published study of the technique, in 

which cells drawn from a patient’s 

own bone marrow are infused into 

the heart. The study described the treatment 

as a success—but what struck Francis were 

the differences between control patients and 

those getting treatment. Those differences, he 

thought, could easily explain why recipients 

of cell therapy seemed to fare better. With 

a nose for statistics and an appetite for 

controversy, Francis began digging. 

He and his colleagues combed through 

133 reports on 49 clinical trials of cardiac 

cell therapy—specifically, a type that uses 

a mix of a person’s own bone marrow cells. 

What he found was enough to delight any 

rabble-rouser. All but five trials contained 

what Francis labeled “discrepancies,” from 

minor errors in tables to dead patients 

listed as still taking drugs. And the more 

discrepancies a trial had, the more effective 

the therapy appeared to be. His disquieting 

conclusion: Knowingly or not, some cardio-

logists were massaging their data to lend 

them a veneer of efficacy.

“In clinical practice, we think we are 

immune to bias and wishful thinking,” 

Francis says. “If somebody goes for a 

therapeutic maneuver and it works, they 

end up getting a Nobel Prize. … If it doesn’t 

work, you feel that you can walk away. But 

in reality, you can’t.” With one’s career built 

around a potentially lifesaving therapy, 

Francis says, acknowledging failure can be 

nearly impossible.

Published in BMJ, the study is the latest 

salvo directed at a promising field marked 

by hope and hype. Since the first heart 

patients received experimental cell therapy 

13 years ago, controversy has come in 

waves, and it’s now at another peak. Trials 

built on uncertain science have led to fights 

about why some can’t be replicated, charges 

that the animal data supporting trials are 

too skimpy, accusations of sloppiness, and 

worse. 

“I have a long list of things that have 

troubled me as I’ve watched the field 

unfold,” says Jonathan Kimmelman, an 

ethicist at McGill University in Montreal, 

Canada, who has studied cell and gene 

therapies. “There is so much pressure to 

demonstrate a major treatment effect that 

people are not always applying careful, 

painstaking methodologies.”

Meanwhile, thousands of people have 

signed up to participate in clinical trials of 

different forms of cardiac cell therapy. There 

are dozens of trials to choose from, led by 

clinicians eager to save patients—and to make 

history. Says Charles Murry, a cardiovascular 

pathologist at the University of Washington, 

Seattle: “Everybody has wanted to be the first 

to regenerate the heart.” 

THE SCIENTIFIC BACKSTORY BEGINS, as 

it often does, in mice. In 2001, a team led by 

Piero Anversa, now at Harvard University, 

and Donald Orlic of the National Institutes 

of Health (NIH) described injecting bone 

marrow cells into rodents that had suffered 

induced heart attacks. Within 9 days, they 

reported, the cells were turning into new 

heart muscle. 

In a second study, Anversa examined 

hearts from people who had died of heart 

attacks and found that some organ muscle 

could regenerate. The results challenged 

the dogma that the heart cannot rejuvenate 

after losing muscle during a heart attack. 

“This is a breakthrough,” a former president 

of the American Heart Association (AHA) 

told The New York Times. 

Cardiac patients were in dire need of 

breakthroughs. Thanks to new treatments, 

many were surviving massive heart attacks 

that would have killed them several years 

earlier. But their hearts, temporarily de-

prived of oxygen, were profoundly damaged. 

They had heart failure, and many weren’t 

candidates for transplants or wouldn’t climb 

atop the waiting list in time. “They can’t 

exercise, they can’t move, they can’t climb 

stairs,” says Joshua Hare, a cardiologist at 

the University of Miami in Florida. “Their 

minute-to-minute existence is symptomatic.”

Anversa’s experiments, which 

suggested bone marrow could 

become heart muscle and that the 

heart had impressive regenerative 

power, seemed, to some, to hold the 

answer. The findings came against 

a backdrop of other tantalizing 

research in adult stem cells: reports 

that they could morph into lung, neurons, 

and other tissues. Scientists quickly moved 

to inject bone marrow into the human heart.

Testing began in 2001. Cardiologists 

initially infused an imprecise mix of cells 

drawn from bone marrow: mostly mature 

white blood cells and their progenitors, but 

also a very small proportion of adult stem 

cells. For example, about one in 10,000 cells 

in this mix are hematopoietic stem cells, 

which give rise to all the blood cells in the 

body. Reassuring to everyone was bone 

marrow’s long history in medicine: Since 

the 1970s, doctors have been offering bone 

marrow transplants to cancer sufferers. 

Because of that, cardiologists and drug 

regulators were hopeful that bone marrow 

would be safe in heart patients.

As cell therapy shifted from mice to ailing 

humans, uncertainties arose. Doubts were 

emerging about whether adult stem cells 

were as versatile as thought. And in 2004, 

three groups reported independently that 

they could not replicate Anversa and Orlic’s 

mouse findings. But by then, “the clinical 

trials were out of the barn,” says Jonathan 

Epstein, a cardiologist at the University 

of Pennsylvania. 

Murry, who published one of those three 

papers, says he was struck by how little 

effect the negative results had on a field that 

was gathering momentum. Trials based on 

now-unreplicable research quickly signed 

on volunteers. It was “like, mechanism, 

schmechanism,” he says. No one seemed to 

care what exactly bone marrow cells were 

doing in the heart.

Many physicians argued that although 

biology mattered, so did saving people. And 

the very first trials, led by U.S. and European 

Many cell therapy trials 

have used a mix of cells 

from bone marrow.

“Everybody has wanted to be the first 
to regenerate the heart.”
Charles Murry, University of Washington, Seattle
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By Kelly Servick

I
n the study of cardiac regeneration, Piero Anversa is among 

the heavy hitters. His research into the heart’s repair mecha-

nisms helped kick-start the field of cardiac cell therapy (see 

main story, p. 252). After more than 4 decades of research 

and 350 papers, he heads a lab at Harvard Medical School’s 

Brigham and Women’s Hospital (BWH) in Boston that has 

more than $6 million in active grant funding from the National 

Institutes of Health (NIH). He is also an outspoken voice in a 

field full of disagreement.

So when an ongoing BWH investigation of the lab came to 

light earlier this year, Anversa’s colleagues were transfixed. 

“Reactions in the field run the gamut from disbelief to vindica-

tion,” says Mark Sussman, a cardiovascular researcher at San 

Diego State University in California who has collaborated with 

Anversa. By Sussman’s account, Anversa’s reputation for “push-

ing the envelope” and “challenging existing dogma” 

has generated some criticism. Others, however, say 

that the disputes run deeper—to doubts about a 

cell therapy his lab has developed and about the 

group’s scientific integrity. Anversa told Science he 

was unable to comment during the investigation.

“People are talking about this all the time—at 

every scientific meeting I go to,” says Charles 

Murry, a cardiovascular pathologist at the 

University of Washington, Seattle. “It’s of grave 

concern to people in the field, but it’s been frus-

trating,” because no information is available about 

BWH’s investigation. BWH would not comment 

for this article, other than to say that it addresses 

concerns about its researchers confidentially. 

In April, however, the journal Circulation 

agreed to Harvard’s request to retract a 2012 paper on which 

Anversa is a corresponding author, citing “compromised” data. 

The Lancet also issued an “Expression of Concern” about a 2011 

paper reporting results from a clinical trial, known as SCIPIO, 

on which Anversa collaborated. According to a notice from the 

journal, two supplemental figures are at issue.

For some, Anversa’s status has earned him the benefit of the 

doubt. “Obviously, this is very disconcerting,” says Timothy 

Kamp, a cardiologist at the University of Wisconsin, Madison, 

but “I would be surprised if it was an implication of a whole 

career of research.” 

Throughout that career, Anversa has argued that the heart 

is a prolific, lifelong factory for new muscle cells. Most now 

accept the view that the adult heart can regenerate muscle, but 

many have sparred with Anversa over his high estimates for 

the rate of this turnover, which he maintained in the retracted 

Circulation paper.

Anversa’s group also pioneered a method of separating 

cells with potential regenerative abilities from other cardiac 

tissue based on the presence of a protein called c-kit. After 

publishing evidence that these cardiac c-kit+ cells spur new 

muscle growth in rodent hearts, the group collaborated in the 

SCIPIO trial to inject them into patients with heart failure. In 

The Lancet, the scientists reported that the therapy was safe 

and showed modest ability to strengthen the heart—evidence 

that many found intriguing and provocative. Roberto Bolli, 

the cardiologist whose group at the University of Louisville 

in Kentucky ran the SCIPIO trial, plans to test c-kit+ cells in 

further clinical trials as part of the NIH-funded Cardiovascular 

Cell Therapy Research Network.

But others have been unable to reproduce the dramatic effects 

Anversa saw in animals, and some have questioned whether 

these cells really have stem cell–like properties. In May, a group 

led by Jeffery Molkentin, a molecular biologist at Cincinnati 

Children’s Hospital Medical Center in Ohio, 

published a paper in Nature tracing the genetic 

lineage of c-kit+ cells that reside in the heart. 

He concluded that although they did make new 

muscle cells, the number is “astonishingly low” 

and likely not enough to contribute to the repair 

of damaged hearts. Still, Molkentin says that he 

“believe[s] in their therapeutic potential” and that 

he and Anversa have discussed collaborating.   

Now, an anonymous blogger claims that 

problems in the Anversa lab go beyond contro-

versial findings. In a letter published on the blog 

Retraction Watch on 30 May, a former research 

fellow in the Anversa lab described a lab culture 

focused on protecting the c-kit+ cell hypothesis: 

“[A]ll data that did not point to the ‘truth’ of 

the hypothesis were considered wrong,” the person wrote. But 

another former lab member offers a different perspective. “I had 

a great experience,” says Federica Limana, a cardiovascular dis-

ease researcher at IRCCS San Raffaele Pisana in Rome who spent 

2 years of her Ph.D. work with the group in 1999 and 2000, as 

it was beginning to investigate c-kit+ cells. “In that period, there 

was no such pressure” to produce any particular result, she says.

Accusations about the lab’s integrity, combined with contin-

ued silence from BWH, are deeply troubling for scientists who 

have staked their research on theories that Anversa helped 

pioneer. Some have criticized BWH for requesting retractions in 

the midst of an investigation. “Scientific reputations and careers 

hang in the balance,” Sussman says, “so everyone should wait 

until all facts are clearly and fully disclosed.” ■

Top heart lab comes under fire

researchers, suggested that injecting a 

patient’s bone marrow into his or her heart 

might somehow enhance its ability to 

pump, even if the cells did not proliferate. 

Why that appeared to be happening could 

be sorted out later. 

One of the first trials, on 21 people with 

severe heart failure in Brazil, was led by 

researchers at the Texas Heart Institute. In 

the 14 patients treated (seven others were 

controls), they described an improvement of 

left-ventricular ejection fraction—the heart’s 

ability to pump blood—from 20% to 29%. 

A healthy ejection fraction is 55% to 70%. 

Still, the improvement was meaningful and 

generated enthusiasm for further testing.

A year later, the Texas Heart Institute 

announced with much fanfare that the 

treatment was coming to the United States. 

“A procedure that for more than a year has 

been bringing South American heart failure 

patients back from near-death has been 

approved for testing in the Texas Medical 

Center,” a press release declared. The release 

quoted one of the trial leaders effusing about 

the treatment: “These people in Brazil were 

reborn,” the cardiologist said.

Piero Anversa 

Published by AAAS
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Cardiologists acknowledge that cell 

therapy was marked by outsize expec-

tations. “We all hype our work,” says 

Steven Houser, a cardiac muscle biologist 

at Temple University in Philadelphia, 

Pennsylvania. “We want to tell people our 

work is important. These patients, many of 

them coming to enroll in these trials, 

they have no other hope.” And, Houser 

suggests, in this case “the hype got ahead 

of the science.”

Across the Atlantic there was similar 

exuberance. German cardiologist Bodo-

Eckehard Strauer treated 10 patients who 

had had a heart attack days earlier. That 

same mix of cells from bone marrow—called 

mononuclear bone marrow cells—was 

funneled into their heart. Strauer reported 

in 2002 that in the group as a whole the 

weakened area in the heart shrunk markedly. 

“We were fascinated by the new know-

ledge, and the possibility of building up 

destroyed” heart muscle, says Harald 

Arnesen, a cardiologist at Oslo University 

Hospital. The Strauer trial showed the 

treatment was safe—one important detail 

that subsequent studies have borne out.

So Arnesen launched his own trial of 

mononuclear bone marrow cells, containing 

their small subset of stem cells, with 

100 heart attack patients. But the results 

of this effort were largely negative. It’s a 

pattern that plagues new therapies across 

medicine: Often, their impressiveness fades 

as they are tested in ever-larger cohorts.

“In mouse studies there’s always dramatic 

improvement,” says Joseph Wu, a cardiologist 

studying stem cells at Stanford University in 

Palo Alto, California. “Once you go to a large 

animal study, it’s moderate improvement, 

once you go to a phase I trial, it’s decent 

improvement, and once you go to phase 

II, phase III, there’s no improvement. This 

happens again and again and again. … It’s 

the entire field of biological research.” 

There are many reasons for this. Mice 

in lab studies are often young and healthy, 

so they don’t reflect the reality of patients. 

“It’s like taking a bunch of 18-year-old 

humans” and giving them heart attacks, 

Murry says. “And then we expect it to 

predict the results of infarcts in 70-year-

old smokers with diabetes.” Early clinical 

trials usually rely on surrogate endpoints—

biological measures like the heart’s 

pumping capacity—that don’t always 

translate to something more meaningful 

such as survival or hospitalization rates. 

Furthermore, scientists publish positive 

results far more often than negative ones, 

and that may imply that a novel treatment 

is more promising than it really is. 

The cardiac cell therapy field also has 

peculiarities of its own, which could explain 

some of the conflicting outcomes. One is 

the natural variability between one person’s 

bone marrow and another’s. A particular 

patient may happen to carry more cells 

that can induce tissue repair than someone 

else. “It’s not like a study where you give 

60 milligrams” of a drug “and everyone 

gets the same thing,” says Timothy Henry, a 

cardiologist at Cedars-Sinai Medical Center 

in Los Angeles, California. “Everyone does 

not get the same thing.” 

Cell therapy is unique, too, because it’s 

not controlled by a single company. This 

has its advantages, but it also means that 

securing funds for large, definitive studies 

can be daunting. Instead, there have been 

dozens of small- and medium-sized trials, 

with different designs, different endpoints, 

different patient populations, and different 

methods of processing the cells. “Ideally 

for science and for our patients it would be 

better to have a concerted effort,” Wu says. 

“Realistically, it’s very difficult to do that.”

AS THE TRIALS HAVE GROWN MORE 

AMBITIOUS, the contradictions are in-

creasingly stark. A 204-person study led 

by Andreas Zeiher at Goethe University in 

Frankfurt, Germany, a pathbreaker in the 

field, reported in 2006 that patients receiv-

ing cells drawn from their own bone mar-

row fared better than those who didn’t. But 

two U.S. trials, by an NIH-funded cardiac 

cell therapy network, and a Swiss trial, with 

a total of about 400 participants combined, 

found no benefit from the same therapy. “We 

are very confident we see an effect” in pa-

tients, says Stefanie Dimmeler, a cardiovas-

cular biologist at Goethe University who has 

collaborated with Zeiher for years. “I still 

don’t understand why other people don’t.” 

At research centers 

worldwide such as the Texas 

Heart Institute, physicians 

have been testing cardiac 

cell therapy for years. 
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One possibility, she says, is variations in the 

patients enrolled and the study protocols.

Cell therapists have also been rocked by 

two recent scandals. In April, a paper 

published by Anversa in 2012 on the 

regenerative power of the human heart 

was retracted, and another was slapped 

with an “Expression of Concern.” Harvard 

is investigating the famed cardiologist (see 

sidebar, p. 254). Another giant in the field, 

Strauer, was investigated by the University 

of Düsseldorf, which announced in February 

that it is launching disciplinary action. 

Neither university has said whether the 

scientists’ early work is in question.

Meanwhile, the science is in a state of flux. 

The idea that bone marrow cells morph into 

heart muscle has been largely abandoned. 

Believers in the bone marrow mix that’s 

been widely tested, and some other cell 

types, favor the theory of “paracrine effects,” 

which argues that cells secrete molecules 

that have healing properties, perhaps en-

hancing blood vessel growth or building up 

damaged tissue.

Mouse studies offer some support: hints 

that a mix of bone marrow cells could be 

inducing new blood vessels or new heart 

muscle to grow. But evidence for this in 

humans is thin. A study presented at the 

AHA meeting last November, by University 

of Washington, Seattle, cardiologist April 

Stempien-Otero, found no new blood 

vessel growth in the hearts of patients 

who had received bone marrow cells and 

subsequently had the organ removed for 

a heart transplant. In 2011, a study by 

Matthew Springer at the University of 

California, San Francisco, suggested an 

explanation for conflicting mouse and 

human results: He found that mice that 

got bone marrow from young donors did 

much better than those receiving bone 

marrow from animals that had had an 

induced heart attack. Springer speculated 

that a heart attack might somehow change 

the composition of the victim’s bone 

marrow, the usual source of cell infusions 

in patients.

One goal now is to identify the specific 

cells that are the best candidates to rescue 

an ailing heart. Their identity is the subject 

of intense debate. The University of Miami’s 

Hare is a believer in mesenchymal stem 

cells, which differentiate into connective 

tissue, including muscle; he has tested them 

in early clinical trials and reported that the 

cells can repair scar tissue and help new 

blood vessels and muscle grow. Various 

other cells found in bone marrow have their 

champions, and several small trials are now 

testing bone marrow cells transplanted from 

young, healthy donors. Wu and others say it 

is also worth looking to embryonic stem cells 

and induced pluripotent stem cells, which 

haven’t entered human trials yet. 

Then there is a class of cells in the heart 

itself that may or may not have wide-

ranging regenerative powers. One clinical 

trial tested a stem cell type called c-kit+

cells, pioneered by Anversa, now at the 

center of a firestorm of his own. Anversa 

had reported that c-kit+ cells give rise 

to all different heart tissues. 

But in May, a study in Nature

questioned whether the cells 

actually create much heart 

muscle at all. 

A l l o f t h i s u n c e r t a i n t y , 

and the push to test so many 

different cells in people, 

creates a quandary, Murry says: 

“Without an understanding of 

mechanism it’s impossible to 

rationally improve therapy.” 

Even the doubters are opti-

mistic that one day, cardiac 

cell therapy will prove a viable 

treatment for the masses. But, 

they say, we still have a lot to 

learn before we get there.

For many patients and 

doctors, however, the key 

question is practical: Does cell 

therapy buy time for a person 

with a failing heart? No clinical 

trial, for any cell type, has been 

designed to look specifically at 

survival, but one is about to: a 

3000-person, $8.1 million study 

now recruiting across Europe. 

It is funded by the European 

Union and aims to resolve, 

finally, the bitter dispute over 

whether a mix of cells from 

a patient’s own bone marrow 

can help. Yet it is far from 

universally welcomed in the 

fractious field. The trial, called 

BAMI, is “unethical,” Arnesen 

charges, because, he believes, 

the therapy it’s testing has 

already been shown not to help. 

Even so, BAMI launched 

w i t h a n e l a t i o n t h a t e c h o e s 

t h e e a r l i e s t t r i a l s a d e c a d e 

ago. A 54-year-old man named 

Neal Grainger, the first British 

patient treated, told BBC that 

“it’s fantastic to be part of this.” 

A London hospital signing 

up volunteers put out a press 

release in February highlighting 

that it is “recognised for its 

pioneering research into stem 

cell therapy for heart patients.” 

T h e B A M I w e b s i t e n o t e s 

that “clinical data now exists 

supporting the concept that autologous 

bone marrow derived cells can restore 

cardiac function” after a heart attack. The 

trial, says the site, could show that the cells 

“will reduce the mortality rate by 25%.”  

Left unmentioned: the many studies 

of the same therapy, in patients with the 

same illness, that have failed to make a 

difference. ■

Cast of characters 

Various cell types are contenders for repairing the heart

Mononuclear bone 

marrow cells. This mix contains 

mostly white blood cells (like the 

one shown here), and also a 

small proportion of adult stem 

cells. Widely used in clinical trials, 

they are now the subject of a 

3000-patient study in Europe.

Embryonic stem (ES) cells. 

ES cells can transform into any 

cell type, including different 

parts of the heart. They haven’t 

been tested in humans yet.

Mesenchymal stem cells.

Found in the bone marrow, these 

cells can turn into connective 

tissue including muscle. Drawn 

from patients or healthy donors, 

the cells have been tested in 

some small heart trials.

Induced pluripotent 

stem cells. As versatile as 

ES cells, they can be turned 

into heart cells in the lab. They 

haven’t been tried in humans but 

are generating much interest.

C-kit+ cells. Some researchers 

argue these are cardiac stem 

cells that can form all of the 

heart’s components, but a recent 

study challenged how often they 

turn into heart muscle.

Cardiosphere-derived cells. 

These are produced by cultur-

ing cardiac cells under special 

conditions. A small study showed 

reductions in scar mass but no 

improvement in cardiac function.
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The Upcycle

Beyond Sustainability—

Designing for Abundance

William McDonough and 

Michael Braungart

North Point Press, 2013. 254 pp.

This year we turned t o recent AAAS Mass Media Fellows for 
suggestions and reviews of some thoughtful and enjoyable science titles

Summer reading
DESIGN

Positive steps 
to living green
By Nadja C. Kunz

F
rom intergovernmental panels to cor-

porate boardrooms, sustainability 

increasingly appears on the agenda. 

Accumulating evidence indicates hu-

mans now perturb global processes 

that underpin Earth’s natural systems 

(1). The impetus to develop sustainable pro-

duction and consumption systems is thus 

stronger today than ever before. 

In The Upcycle, William McDonough 

and Michael Braungart focus on the im-

portance of design in creating a world in 

which “things get better for generations in 

the future, not worse.” The book builds on 

the authors’ earlier work, Cradle to Cradle 

(2). There they argued for design that seeks 

to transform the technosphere (encompass-

ing “metals, plastics, and other materials 

not continuously created by the biosphere”) 

to mimic biological nutrient cycles: used 

products become inputs to other processes 

or food for living organisms. For example, 

rather than chopping down trees to use 

the wood directly for fuel, McDonough and 

Braungart propose a longer life cycle. Wood 

could instead be used first to build a table, 

which could subsequently be recycled to 

produce particleboard, paper, or insulation 

pulp. Finally, after exhausting alternative 

uses, the material could be burned to pro-

duce the same energy that would have been 

provided by the original wood. Reuse cycles 

should avoid using toxic chemicals that 

would preclude subsequent processing. 

After 11 years of implementing cradle-to-

cradle concepts, McDonough and Braungart 

aim to inform readers about what they have 

learned. They also introduce the concept of 

upcycling: products should not only be de-

signed to avoid negative impacts but should 

create positive impacts. Changing the pre-

vailing design philosophy from “planned 

obsolescence” toward upcycling will require 

a fundamental shift, not only by designers 

but within society more broadly. The authors 

propose several strategies for triggering that 

shift. These include an appeal to always keep 

in mind the question “what’s next?”—what 

will happen to the product after use? The 

authors walk through countless examples of 

what they regard as insufficient attempts at 

B O O K S  e t  a l .

The reviewer is at the Swiss Federal Institute of Aquatic 
Science and Technology, CH-8600 Dübendorf, Switzerland. 
E-mail: nadja.kunz@eawag.ch IL
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Neanderthal Man

In Search of Lost Genomes

Svante P‰‰bo

Basic Books, 2014. 285 pp.

upcycling, and they describe common traps 

in thinking that have impeded progress. 

They also highlight some successful efforts, 

such as the trend from sewage treatment 

plants to nutrient management systems that 

recover phosphate for soil fertilizer. 

In the book’s foreword, Bill Clinton praises 

the authors for their optimism, but at times 

I found that frustrating. In the authors’ tell-

ing, sometimes the transition toward up-

cycling sounds too easy and the solutions 

obvious. However, organizational and policy 

changes—especially in the realm of sustain-

ability—are rarely straightforward, and the 

acceptable trade-offs among competing en-

vironmental, social, and economic objectives 

are ultimately a matter of societal judgment. 

The case studies could be improved by elabo-

rating the concrete steps that were followed 

to implement the upcycling philosophy from 

concept into practice—from the roles of in-

dividual champions to changes in organi-

zational structures, policies, and processes. 

Readers would also benefit from learning 

about practical tools and frameworks that 

have facilitated consideration of competing 

objectives. 

Quibbles aside, McDonough and 

Braungart’s approachable language will ap-

peal to a wide audience. The Upcycle should 

prove a rich lode of ideas to inspire innova-

tions in sustainable design across diverse 

applications.
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PALEOANTHROPOLOGY

Secrets in the Bones
By Jeremy Chase Crawford

T
he Neanderthal is not entirely extinct. 

In fact, some part of this otherwise an-

cient hominin remains among us to-

day, manifest in about 2% of the DNA 

of many modern humans as a result 

of ancient interbreeding between our 

species. One strand of Svante Pääbo’s Nean-

derthal Man explains the nearly 20 years of 

research that eventually led to this finding. 

Pääbo provides a riveting, personal account 

of the development of paleogenetics and the 

technical revolution that made the field pos-

sible. The memoir also traces the sometimes 

unconventional path that led to his becom-

ing a globe-trotting professor.

The author’s success has stemmed from 

his determination to pursue what many as-

sumed were unknowable answers to funda-

mental questions about human origins. In a 

career replete with unexpected twists, Pääbo 

conducted secret experiments on Egyptian 

mummies, researched modern kangaroo 

rats as well as ancient cave bears, and even 

used genetic analyses of his own students’ 

sperm to advance his research. His journey 

was certainly not without its difficulties, and 

he writes about complications with merci-

less candor. For instance, he leaves out few 

raw details when discussing his own inse-

curities, shortcomings of his and others’ re-

search, political and cultural obstacles that 

often impede scientific progress, and the af-

fairs (romantic as well as scientific) that at 

times threatened to turn research collabora-

tors into competitors. 

The author effectively conveys both the 

broad implications of his work and his con-

cern for scientific details. While reading, you 

may find yourself with the sudden urge to 

wash your hands when Pääbo expounds on 

the ubiquitous nature of DNA contamina-

tion and the absolute necessity for a com-

pletely sterile workspace. These fears were 

particularly salient in the earlier years, when 

he required that all data of any importance 

be independently replicated by scientists in 

other laboratories. For perhaps his most cel-

ebrated finding—that there exists a “clearly 

discernible genetic contribution from Ne-

anderthals to people outside Africa”—Pääbo 

would settle for no fewer than three indepen-

dent lines of statistical evidence before pub-

lishing. To nonscientists, this self-professed 

meticulousness may at times seem to border 

on neurotic. But in a time of frequent head-

lines about scientific fraud, his portrayal of 

the internal and external struggles that ac-

company a career in academia refreshingly 

illustrates the high standards required for a 

rigorous research program. 

At its core, the book is about exposing 

secrets: from the nucleotide sequences la-

boriously pried from 40,000-year-old bones 

to the inner workings of a prominent re-

searcher’s mind. Whether unacquainted 

with Pääbo’s work or regular followers of his 

publications, readers will find that Neander-

thal Man provides a nonpareil account of 

the development of the field of ancient DNA.

10.1126/science.1255859

The reviewer is at the Museum of Vertebrate Zoology and 
Department of Integrative Biology, University of California, 
Berkeley, CA 94720, USA. E-mail: jeremy.crawford@alumni.
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HISTORY OF SCIENCE

Darwin who?
By Ana Maria R. Almeida

S
ince the 1920s, the idea of evolu-

tion has generally been equated with 

what has been termed Darwinism, a 

particular evolutionary theory that 

explains the origin of biological di-

versity by means of natural selection. 

Largely as a result of the dominance of that 

theory, most scientists today would find the 

thought of a history without Darwin un-

imaginable. In Darwin Deleted, Peter Bowler 

invites readers to imagine a world in which 

Darwin never existed. Using counterfactual 

history and carefully dissecting the history 

of evolutionary thought, Bowler looks into 

the past to illuminate prominent debates we 

face today. 

Bowler starts by refuting the “in the air” 

thesis: the idea that without Darwin, some-

one else would have come up with the same 

or similar ideas and history would have un-

folded about as it did. Drawing on the histor-

ical record, he demonstrates that although 

the idea of evolution was becoming widely 

accepted by the time Darwin published On 

the Origin of Species (1859), natural selection 

was by no means part of mid-19th-century 

thought. Bowler argues that only Darwin, 

with his unique combination of diverse inter-

ests, was able to piece together all of its key 

components. Thus, it is very plausible that 

in Darwin’s absence other theories would 

have come to play more important roles in 

our understanding of evolution. In fact, into 

the 1920s, non-Darwinian theories were 

the dominant explanation for evolutionary 

changes—which substantiates the viability of 

Bowler’s counterfactual world.

As Bowler writes, it is unquestionable that 

“Darwin presented his contemporaries with 

the harshest possible version of nature.” That 

contributed to his becoming the figurehead 

of what was perceived as an attack on tra-

ditional values. Bowler’s analysis makes it 

clear that without Darwin’s revolutionary in-

Darwin Deleted

Imagining a World 

Without Darwin

Peter J. Bowler

University of Chicago Press,

 2013. 328 pp.

The reviewer is at the Universidade Federal da Bahia, 
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bilities of many other species, from mon-

arch butterflies to sea turtles. If dropped 

into an unknown land, we would need a 

map, a landmark, and a compass to have 

any hope of finding home. In striking con-

trast, birds such as the Manx shearwater 

spend their lives coursing seas seemingly 

without landmarks, and individual sandhill 

cranes return year after year to their own 

natal pond in the Alaskan tundra after win-

tering in Texas. The book’s opening section 

explores the cognitive mechanisms that 

long-distance migrants use in the mystify-

ing relocation of their homes. Historically, 

cues from the Sun and stars were consid-

ered the primary mechanisms of naviga-

tion. But in recent decades, evidence has 

mounted that some species “may literally 

see ghost images of the Earth’s magnetic 

field superimposed on … objects” and use 

these magnetic cues to guide their routes. 

Scientists and other readers will enjoy 

Heinrich’s stories of the creative experi-

ments that unveiled these discoveries, from 

outfitting birds with blurred goggles to rais-

ing them in a homemade planetarium with 

interchangeable star charts. 

The author also explores the evolution, 

natural history, and implications of home 

building and maintenance in the animal 

world. What materials and behaviors are 

used to build homes and protect them from 

parasitic and predatory invaders? Why do 

some choose solitary versus communal liv-

ing? I found Heinrich’s comparison of hu-

man home-making to that of other animals 

particularly interesting. Whereas other 

primates have precocial newborns and may 

Monarch butterflies massing in the Sierra Pellon, 

Michoacan, Mexico.
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Homeward bound
By Alexa Fritzsche

F
or many people, “home” evokes a 

sense of comfort and safety, joy and 

relief. Given these quintessentially 

human emotions, we may assume 

that we are the only organisms that 

build and cherish such places. But The 

Homing Instinct illuminates the vast diver-

sity of animals that locate, construct, and 

maintain homes. Naturalist and physiolo-

gist Bernd Heinrich explores the biology of 

navigation in migratory animals, describes 

the diversity of home-making strategies 

across the animal kingdom, and lastly re-

flects on his personal sense of home.

Despite our large brains, our ability to 

navigate pales in comparison to the capa-

put, evolutionism would have developed in 

a less confrontational manner. Darwin-like 

ideas would not otherwise have gained cur-

rency for another 30 or 40 years, by which 

time the general idea of evolution would not 

have posed a threat to most religious think-

ers. Thus, Bowler argues, the antagonism be-

tween evolutionism and religion might well 

be a “product of particular historical events 

rather than an inevitable conflict of irrecon-

cilable positions.”

In addition, Bowler’s mental experiment 

leads us to realize that many of the alleged 

consequences of what has been called social 

Darwinism would likely have taken place in 

a world without Darwin. In fact, “most of 

the effects … labeled as ‘social Darwinism’ 

could have emerged in a world that had no 

inkling of the theory of natural selection” 

and “some of those effects … might well have 

been even more strident in the absence of 

the Darwinian theory.” Far from being a con-

sequence of Darwinism, the idea of progress 

and the allied theories of directed evolution 

were grounded in wider social and cultural 

forces. It is undeniable that Darwinism 

is a product of its time, with the apparent 

materialism of a theory based on random 

variation and struggle. But the simplistic 

identification of Darwinism with harsh so-

cial policies is mistaken, argues Bowler, as 

most of what is called “ ‘social Darwinism’ 

could be justified equally well through rival 

theories of evolution.”

Darwin Deleted offers a journey into the 

history of evolutionism well worth taking. 

Through his scenario in which the Origin 

never appeared, Bowler improves our ability 

to think about the assumptions underlying 

contemporary debates.

10.1126/science.1255865
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The Homing Instinct

Meaning and Mystery in 

Animal Migration

Bernd Heinrich

Houghton Mifflin Harcourt, 

2014. 368 pp.

use rudimentary shelters, modern humans 

have dependent young and are extremely 

reliant on homes. Could these two traits 

be linked? As early humans evolved biped-

ality and became highly mobile hunter-

gatherers, carrying offspring on their backs 

became prohibitive. Heinrich asserts that 

males may have maximized reproductive 

success by leaving the mother and help-

less children in a well-protected shelter. 

In these homes, “social tolerance, division 

of labor, cooperation, and subservience to 

rules or individuals … then became neces-

sary and hence valued survival traits.” In-

deed, the construction of homes may have 

enabled us to colonize the far reaches of 

the planet. 

The Homing Instinct generally walks a 

pleasant line between fact-laden science 

writing and the author’s reflective per-

sonal anecdotes. At the expense of deviat-

ing from the central scientific themes, the 

meandering final section serves as a venue 

for the author to nostalgically reflect on his 

own home, memories of hunting trips with 

family, and efforts to start a chestnut tree 

grove on his property. As a whole, the book 

prompts readers to appreciate homing not 

just as a means toward comfort and joy but 

also as a complex and mysterious biological 

trait shaped by natural selection and shared 

with a multitude of organisms. 

10.1126/science.1255864P
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challenging for readers lacking any physics 

background, much insight can be gained 

from Carroll’s analogies. He explains, for 

instance, that all “particles” are actually vi-

brations traveling in fundamental, invisible 

fields that permeate space, like sound waves 

propagating through the air. The collision 

of two particles to produce the Higgs boson 

is like two vibrating piano strings transfer-

ring their vibrations to a third. From the 

ancient Greeks, to gravity, to the billions of 

dark matter particles passing through our 

bodies each second, to the extra dimensions 

of string theory, the book is a pedagogical 

tour de force, complete with ample dia-

grams and appendices. 

The author establishes the human el-

ement of the “high stakes drama” sur-

rounding the Higgs boson discovery and 

announcement in tandem with the sci-

entific . Throughout his narrative, Carroll 

weaves a sense of the consuming passion 

that drives physicists on the “emotional 

roller-coaster ride” of fundamental research. 

He paints a rich mosaic—peppered with 

personal details, famous quips, and anec-

dotes—of the major players in physics over 

the centuries. The book includes poignant 

details such as the fact that Peter Higgs’s 

seminal paper was initially rejected for pub-

lication and the emotion visible on Higgs’s 

The Particle at the End 

of the Universe

How the Hunt for the 

Higgs Boson Leads Us to 

the Edge of a New World

Sean Carroll

Penguin, 2012. 380 pp.

The reviewer is at Clarendon Laboratory, Oxford University, 
Parks Road, Oxford OX1 3PU, UK. E-mail: megan.engel@
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Installing the ATLAS calorimeter.

PARTICLE PHYSICS

Picking up grand 
vibrations
By Megan Engel

Y
ou are standing in the dark immen-

sity of a tunnel stretching for miles 

before and behind you. It is colder 

than outer space, and vast supercon-

ducting magnets yawn above and 

flank you, sustained by 8000 kilo-

meters’ worth of wound cable. Every frag-

ment of this colossal machine was crafted 

meticulously, in labs on every corner of the 

globe. At the flip of a switch, beams con-

taining the energy of 175 metric tons of 

TNT will zoom around the tunnel, set to 

collide and explode in violent bursts of en-

ergy and light. Amazingly, all fuel for this 

endeavor comes from a single canister of 

hydrogen no larger than a fire extinguisher. 

Where are you? The Large Hadron Collider 

(LHC)—in the words of Sean Carroll, “the 

largest, most complex machine ever built 

by human beings.” In The Particle at the 

End of the Universe, Carroll embarks on an 

ambitious voyage through the quest to find 

the Higgs boson (more colorfully known as 

the “god particle”) from the development 

of modern physics, to the construction of 

the LHC, to the celebrated discovery of July 

2012—and beyond. 

Carroll shines in his use of digestible 

language to communicate esoteric phys-

ics. Although keeping up fully might prove 
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face during the standing ovation that fol-

lowed the announcement that the LHC had 

found his eponymous boson. 

Perhaps the book’s strongest facet is its 

triumphant championing of basic scientific 

research. Carroll’s aim is broad and sweep-

ing: to establish the central importance of 

science in humanity’s wrestle with the ques-

tion of existence. He terms the finding of 

the Higgs boson a “success for the human 

race” in answering our “restless desire to 

understand our world.” The Particle at the 

End of the Universe illustrates that find-

ing it “is its own reward,” emphasizes the 

“universality of the scientific impulse,” and 

waxes poetic in juxtaposing art and science. 

The vast behemoth of modern physics, the 

LHC, and the scintillating discovery of the 

Higgs boson are not only important be-

cause they illumine the “secrets of the Uni-

verse”—the entire effort tells us something 

profound about ourselves.

10.1126/science.1255862

NEUROSCIENCE

Where I end, 
where you begin
By Séamus A. Power

N
icolas Epley begins Mindwise outside 

a courthouse in Addis Ababa, Ethio-

pia. Epley (a social psychologist at 

the University of Chicago) and his 

wife have just legally adopted two 

Ethiopian children. Epley is both 

perplexed and anxious before first meet-

ing their biological father, who has agreed 

to have them adopted. What did this man 

think, believe, feel, and want for his chil-

dren? This opening vignette is the first of 

many examples taken from the author’s 

personal life, news headlines, and empiri-

cal science that drive this fast-moving and 

highly readable book. Epley’s central con-

cern is articulating the ways in which we 

both understand and, very often, misunder-

stand other people, even those close to us.

Epley delivers the good news that we all 

have a sixth sense, an ability to read minds. 

The bad news is that we are not very good 

at it. However, there is hope. In the book, 

Epley draws on a wealth of empirical so-

cial psychological research to help make 

sense of how humans understand and mis-

understand one another. Moreover, his ex-

periments show how people, even couples, 

overestimate how well they think they know 

others. Not only do the participants in his 

studies misunderstand one another, they 

are also largely unaware of their mistakes. 

Some of the shortcomings of our mind-

reading ability stem from how we engage 

and disengage it at inappropriate times. Ep-

ley reveals how we dehumanize other peo-

ple. That is, how we fail to attribute minds 

to other people, such as the homeless or 

terrorists, when it is advantageous or even 

necessary to do so. Conversely, humans also 

anthropomorphize; we attribute minds to 

nonhumans such as gods, family pets, and 

technological objects like robots and even 

alarm clocks that force us out of bed in the 

morning. According to the author, these 

evolutionarily ingrained intuitions are only 

half of the reason why people converse with 

gods in the sky while ignoring homeless 

people who ask for spare change. 

The book covers a variety of ways by 

which we try to read others’ minds: We often 

project our own thoughts, wants, feelings, 

or beliefs onto the minds of others—assum-

ing that they think what we think. We ste-

reotype groups and consequently fail to see 

how individuals might be like us. We often 

incorrectly make inferences about others’ 

mindsets based on our observations of their 

behaviors. (Most people who stayed in New 

Orleans despite the warnings about Hurri-

cane Katrina were not irresponsible or stu-

pid. They simply had no means to leave or 

Mindwise

How We Understand What 

Others Think, Believe, Feel, 

and Want

Nicholas Epley

Alfred A. Knopf, 2014. 265 pp.

The reviewer is at the Department of Comparative Human 
Development, University of Chicago, 5736 South Woodlawn 
Avenue, Chicago, IL 60637, USA. E-mail: seamusapower@
uchicago.edu

nowhere else to go.) 

These mind-reading tools allow us to 

make sense of complex social interactions to 

a degree better than chance. However, their 

faults indicate they could be improved, and 

Epley ends Mindwise by suggesting ways to 

do so. The secret lies in perspective getting 

rather than perspective taking. According 

to Epley, the latter, egocentric strategy at 

best reinforces—and at worst amplifies—

stereotypical and incomplete understand-

ings of others. He espouses the more direct 

strategy of opening the lines of communica-

tion and getting someone else’s perspective 

as a potential solution to understanding the 

mind of the other. It worked for Kennedy 

and Khrushchev in resolving the Cuban 

Missile Crisis. It can also work for us in our 

relationships with colleagues, friends, fam-

ily, and significant others. 

10.1126/science.1255866

HISTORY OF CHEMISTRY

Elemental 
discoveries
By James McDonagh

T
he periodic table has become a sym-

bol of scientific understanding and 

the power of the scientific method. 

It is used by the popular media to 

signify scientific excellence, a logical 

progression to better understanding 

of the natural world. But how many people 

really appreciate the subtle complexities, tri-

als, and tribulations that underlie this edi-

The reviewer is at the School of Chemistry, University of 
St. Andrews, North Haugh, St. Andrews, Fife KY16 9ST, UK. 
E-mail: jm222@st-andrews.ac.uk P
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fice of science? In A Tale of Seven Elements, 

philosopher of science Eric Scerri provides 

an expert perspective on the history of the 

periodic table, focusing principally on the 

last seven naturally occurring elements to be 

discovered. 

Scerri opens the book by setting the dis-

coveries in their historical context, the era 

of active science between the first and sec-

ond world wars. While noting the difficulties 

faced by women entering the physical sci-

ences, he points out that several of the seven 

elements (protactinium, hafnium, rhenium, 

technetium, francium, astatine, and prome-

thium) were discovered by women, whose 

key contributions had often been overlooked. 

The author’s concise and meticulous ac-

count blends philosophy, history, and sci-

ence, presenting the deep, although not 

immediately obvious, connections among 

them. He provides an informative history 

of the classification of chemical elements, 

from Dalton’s atomic weights to Mendeleev’s 

periodic table. In addition to introducing 

concepts such as radioactivity and isotopes, 

Scerri expounds on the far-reaching con-

sequences of quantum theory for chemis-

try (including Bohr’s deduction of atomic 

structure). 

As Scerri notes, his seven focal elements 

are all “rather exotic.” Many are radioactive, 

and they are generally of low abundance. The 

book’s overarching theme highlights how the 

discoveries shaped history and how histori-

cal and social pressures shaped them. This is 

exemplified by the priority dispute over haf-

nium, in which wartime alliances stifled the 

acceptance of a correct claim. Scerri quotes a 

British journal editor’s response to an article 

submitted in the early 1920s: “We adhere to 

the original word celtium given to it by Ur-

bain as a representative of the great French 

nation which was loyal to us throughout the 

war.” Scerri also notes the impact of competi-

tion for personal prestige and resources, as-

pects that are often overlooked in textbook 

accounts of the discoveries of elements. 

The holistic accounts largely succeed at 

guiding the reader through the complex con-

nections and numerous priority claimants, 

although in places the narrative can be dif-

ficult to follow. Scerri intended the book for 

“readers interested in digging a little deeper 

into the science of the elements and the pe-

riodic table.” A Tale of Seven Elements proves 

his aim true.

10.1126/science.1255968

A Tale of Seven Elements

Eric Scerri

Oxford University Press,

2013. 304 pp.
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EXTINCTION

Our enduring 
legacy?
By Kendra Smyth

A 
thought-provoking work of scientific 

journalism, Elizabeth Kolbert’s The 

Sixth Extinction tackles the sober-

ing reality of the large-scale loss of 

biodiversity happening before our 

eyes. Although the fossil record docu-

ments five previous great extinctions, this 

time the driving catalyst is neither asteroid 

nor volcanic eruption but a single inhabit-

ant of Earth: us. For millennia, humans 

have succeeded extravagantly to the detri-

ment of other species. “Though it might be 

nice to imagine there once was a time when 

man lived in harmony with nature,” Kolbert 

notes, “it’s not clear that he ever really did.” 

Through masterful field reporting, Kol-

bert transforms a collection of daunting 

facts into an entertaining and enlightening 

journey of scientific discovery, accessible to 

scientists and laymen alike. She takes read-

ers along as she visits over a dozen scientists 

at field stations and laboratories around the 

world: herpetologists in Panama, marine 

biologists in Australia, botanists in the An-

des, paleontologists in New Jersey, and an-

thropologists in Germany. Intermixed with 

these scientific reports and personal narra-

tives is an intriguing historical account of 

the origin of extinction 

The Sixth Extinction

An Unnatural History

Elizabeth Kolbert

Henry Holt, 2014. 335 pp.

as a concept. In the mid-18th century, the 

prevailing view was that species were im-

mutable, decreed by God. When mysterious 

bones were unearthed in present-day Ken-

tucky, scientists rationalized that they were 

remnants of elephants or hippos that had 

wandered astray. As Thomas Jefferson put 

it, “Such is the economy of nature that no 

instance can be produced of her having … 

formed any link in her great work so weak 

as to be broken.” Then in 1796 the French 

naturalist Georges Cuvier argued that life 

had a history, one “marked by loss and 

punctuated by events too terrible for hu-

man imagining.” The concept of extinction 

was born, although not readily accepted for 

decades. 

Today, we struggle to grasp a differ-

ent concept of extinction: humans are 

responsible for transform-

ing the biosphere. Despite 

desperate searches for al-

ternative explanations, the 

evidence Kolbert presents 

i s u n d e n i a b l e : a t w a r p 

speed, humans have altered 

t h e c o m p o s i t i o n o f t h e 

atmosphere, acidified the 

oceans, hunted and fished 

large species to their brink, 

and destroyed ecosystems. 

“Right now,” she writes, “… 

we are deciding, without 

quite meaning to, which 

evolutionary pathways will 

remain open and which will 

forever be closed. No other 

creature has ever managed 

this, and it will, unfortu-

nately, be our most enduring legacy.” The 

implications are haunting.

In pushing other species to extinction, 

what happens to us? Ecologist Paul Ehrlich 

warns “humanity is busy sawing off the limb 

on which it perches.” Kolbert, halfheartedly 

optimistic, observes that we should not un-

derestimate human ingenuity. Nonetheless, 

she gives scant reference to possible solu-

tions, such as scattering sulfates or water 

droplets into the atmosphere to reflect sun-

light or brighten clouds. Although her at-

tempt to conclude on an upbeat note falls 

flat, it is not wholly misguided. Instead, we 

are left with an appreciation of the diversity 

and complexity of life, a desire to transi-

tion to a more sustainable world, and a re-

minder that every ending is a chance for a 

new beginning. The sixth extinction might 

be the end of the world we know, but it will 

not be the end of life. 

10.1126/science.1255867 

Rembrandt Peale’s 

1801 drawing of a 

mastodon skeleton 

excavated by his 

father, Charles 

Willson Peale.
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          S
tatisticians have celebrated a lot re-

cently. 2013 marked the 300th an-

niversary of Jacob Bernoulli’s Ars 

Conjectandi, which used probability 

theory to explore the properties of 

statistics as more observations were 

taken. It was also the 250th anniversary of 

Thomas Bayes’ essay on how humans can 

sequentially learn from experience, steadily 

updating their beliefs as more data become 

available ( 1). And it was the International 

Year of Statistics ( 2). Now that the bunting 

has been taken down, it is a good time to 

take stock of recent developments in statis-

tical science and examine its role in the age 

of Big Data.

Much enthusiasm for statistics hangs on 

the ever-increasing availability of large data 

sets, particularly when something has to be 

ranked or classified. These situations arise, 

for example, when deciding which book to 

recommend, working out where your arm 

is when practicing golf swings in front of 

a games console, or (if you’re a security 

agency) deciding whose private e-mail to 

read first. Purely data-based approaches, 

under the title of machine-learning, have 

been highly successful in speech recogni-

tion, real-time interpretation of moving im-

ages, and online translation.

Statistical science does produce some ex-

cellent machine-learning tools, but it is con-

cerned with more than just classification or 

ranking: It explicitly tries to deal with the un-

certainty about what can be concluded from 

data, be it a prediction or scientific inference. 

The revolutionary ideas of Bernoulli, Bayes, 

and others form the historical basis for such 

learning from large data sets ( 3).

To assess the uncertainty about unknown 

or future quantities, statisticians tend to 

build probability models of underlying pro-

cesses. For example, Microsoft’s TrueSKILL 

ranking system produces a probability dis-

tribution for the unknown skill of an online 

gamer. Similarly, trading models can assess 

both the expectation and volatility of future 

commodity prices. Detailed risk assessment 

is also vital to the insurance industry, requir-

ing complex statistical models. Sophisticated 

simulation-based statistical methods, such as 

particle filters, are increasingly used in areas 

such as signal processing, dynamic economic 

models, and systems biology ( 4).

Traditional statistical problems could be 

termed “large n, small p”: There were many 

observations (n), such as participants in a 

clinical trial, but few parameters were mea-

sured (p), and just a handful of hypotheses 

tested. More recently attention has turned 

to “small n, large p” problems, such as a few 

brain scans but with millions of voxels in 

each, or the expression of tens of thousands of 

genes in a limited number of tissue samples. 

To deal with these problems, statisticians 

developed models for complex interactions—

for example, when learning the structure of 

a network describing gene relationships ( 5), 

and handling observations that are not just 

single data points but may comprise shapes, 

functions, images, or phylogenetic trees ( 6).

Many such “small n, large p” problems 

require screening of vast numbers of hy-

potheses, for which the naïve use of sta-

tistical significance is inappropriate; the 

standard “P < 0.05” criterion means that 1 

in 20 nonexistent relationships will be de-

clared significant, so that if you do enough 

tests, some apparent discoveries will always 

pop up. Procedures have been developed to 

control the false discovery rate (FDR); that is, 

the proportion of apparent discoveries that 

turn out to be wrong ( 7). For example, the 

confidence required before announcing the 

discovery of the Higgs boson was couched in 

statistical terms as 5 sigma, and this assess-

ment included an adjustment for how many 

hypotheses were examined (the “look else-

where effect”).

As an example of the modern use of sta-

tistics, the June 2014 issue of Bioinformat-

ics features a huge range of statistical and 

machine-learning techniques, many using 

the Bioconductor suite of software packages. 

For example, Berry et al. use “scan” statistics 

to identify regions of the human genome 

targeted by retroviruses, assessed with FDRs 

that allow for the fact that the whole genome 

has been searched ( 8). We recently used 

similar methods to show that a cluster of six 

London cyclist deaths in a fortnight had only 

around a 1 in 40 chance of occurring in any 

fortnight over 8 years ( 9).

Statistical principles are also routinely ap-

plied in A/B experiments on Web sites, in 

which small tweaks in layout and design are 

tested by using alternative versions at ran-

dom and seeing whether the innovation has, 

for example, increased click-through rates. 

More sophisticated adaptive experimental 

designs are making drug testing more effi-

cient, because treatment regimes that show 

little promise can be rapidly dropped without 

compromising the overall chance of a false 

discovery ( 10).

As medical databases grow and large ran-

domized trials become more expensive and 

difficult to conduct, there is increasing de-

mand for trying to make causal inferences 

from observational data. This is a minefield: 

Even with masses of data, there is no auto-

matic technique for turning correlation into 

causation. But statistical science has devel-

oped frameworks for clarifying the careful 

analysis necessary, for example, when tak-

ing into account changing interventions 

The future lies in uncertainty

By  D. J. Spiegelhalter 

Sophisticated statistical insights are crucial for gaining 
knowledge from ever-larger data sets
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over time and indirect effects of therapy 

through mediating factors, such as viral 

load in HIV ( 11).

Big Data means that we can get more pre-

cise answers; this is what Bernoulli proved 

when he showed how the variability in an 

estimate goes down as the sample size in-

creases. But this apparent precision will 

delude us if issues such as selection bias, re-

gression to the mean, multiple testing, and 

overinterpretation of associations as causa-

tion are not properly taken into account. 

As data sets get larger, these problems get 

worse, because the complexity and number 

of potential false findings grow exponen-

tially. Serious statistical skill is required to 

avoid being misled.

As measurement becomes ever faster and 

cheaper, the trend will be toward “large n, 

really large p” problems as, for example, im-

ages, genomes, and electronic health records 

become linked together. Other challeng-

ing new areas for statistical science include 

those traditionally handled with determinis-

tic models, such as weather, climate, extreme 

natural hazards, and epidemics. In each of 

these, a stochastic element can be added, such 

as combining weather projections from ran-

domly perturbed starting points to provide 

an ensemble forecast, although the appropri-

ate role for stochastics in climate models is 

still contested ( 12). In these tricky areas, stat-

isticians can show that they are prepared to 

deal with messy data, but still think in terms 

of generalizable principles ( 13). They can en-

able others to produce knowledge from data 

by promoting their own particular skills and 

insights, particularly by understanding both 

the strengths and limitations of models.

The title of this article is deliberately am-

biguous: Not only is the future uncertain, but 

also it will be vital to understand and pro-

mote uncertainty through the appropriate 

use of statistical methods rooted in probabil-

ity theory. Careful application of statistical 

science will be essential.   ■
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   W
hen a eukaryotic cell divides, it 

must partition its duplicated ge-

nome into two daughter cells with 

a minimum of errors and DNA 

damage. This requires the order-

ing and coordination of various 

events during nuclear division (mitosis) 

and cytoplasmic division (cytokinesis). How 

these events are temporally coordinated 

remains poorly understood. On page 332 

of this issue, Afonso et al. ( 1) propose the 

exciting idea of a “chromosome separation 

checkpoint” that controls the near final step 

of mitosis—the anaphase to telophase tran-

sition (see the figure).

Once the duplicated chromosomes are 

bi-oriented on the mitotic spindle in meta-

phase, anaphase begins, in which the sister 

chromosomes start to separate. Chromo-

somes must then be well separated before 

the beginning of cytokinesis and telophase 

events, which include chromosome decon-

densation, nuclear envelope reformation 

(NER), and mitotic spindle disassembly. 

Elongation of the mitotic spindle facilitates 

this separation process. Anaphase onset be-

fore completion of metaphase gives rise to 

segregation errors, whereas the start of cy-

tokinesis before clearance of chromosomes 

from the cleavage plane gives rise to DNA 

damage ( 2,  3).

Afonso et al. found that treatments that 

impaired spindle elongation delayed the 

onset of chromosome decondensation 

and NER. This delay was dependent on a 

gradient of aurora B kinase–dependent 

phosphorylation that originated from the 

central spindle midzone ( 4). In addition, 

timely chromatin decondensation and NER 

required the activity of protein phospha-

tase 2A (PP2A) and protein phosphatase 1 

(PP1). The findings suggest that when the 

spindle elongates, the separating packs of 

sister chromosomes are gradually pulled 

out of the midzone “sphere of influence” of 

aurora B. This would progressively tip the 

kinase-phosphatase balance in the region 

surrounding the chromosomes in favor of 

the phosphatases. The subsequent dephos-

phorylation of substrates results in chro-

matin decondensation and NER. In case of 

impaired spindle elongation, the separating 

chromosomes remain within the aurora B 

activity gradient for a longer period, thus 

delaying the onset of telophase.

A possible explanation for how aurora 

B may prevent chromatin decondensation 

and NER is that it directly phosphorylates 

substrates involved in chromatin condensa-

tion and in nuclear envelope disassembly. 

The condensin I complex is an interesting 

candidate because it is a direct substrate 

of aurora B and promotes chromosome 

compaction, and its recruitment onto chro-

mosomes requires aurora B kinase activity 

( 5– 8). Indeed, Afonso et al. found that Bar-

ren—the homolog of condensin I in Dro-
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over time and indirect effects of therapy 

through mediating factors, such as viral 

load in HIV ( 11).

Big Data means that we can get more pre-

cise answers; this is what Bernoulli proved 

when he showed how the variability in an 

estimate goes down as the sample size in-

creases. But this apparent precision will 

delude us if issues such as selection bias, re-

gression to the mean, multiple testing, and 

overinterpretation of associations as causa-

tion are not properly taken into account. 

As data sets get larger, these problems get 

worse, because the complexity and number 

of potential false findings grow exponen-

tially. Serious statistical skill is required to 

avoid being misled.

As measurement becomes ever faster and 

cheaper, the trend will be toward “large n, 

really large p” problems as, for example, im-

ages, genomes, and electronic health records 

become linked together. Other challeng-

ing new areas for statistical science include 

those traditionally handled with determinis-

tic models, such as weather, climate, extreme 

natural hazards, and epidemics. In each of 

these, a stochastic element can be added, such 

as combining weather projections from ran-

domly perturbed starting points to provide 

an ensemble forecast, although the appropri-

ate role for stochastics in climate models is 

still contested ( 12). In these tricky areas, stat-

isticians can show that they are prepared to 

deal with messy data, but still think in terms 

of generalizable principles ( 13). They can en-

able others to produce knowledge from data 

by promoting their own particular skills and 

insights, particularly by understanding both 

the strengths and limitations of models.

The title of this article is deliberately am-

biguous: Not only is the future uncertain, but 

also it will be vital to understand and pro-

mote uncertainty through the appropriate 

use of statistical methods rooted in probabil-

ity theory. Careful application of statistical 

science will be essential.   ■
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   W
hen a eukaryotic cell divides, it 

must partition its duplicated ge-

nome into two daughter cells with 

a minimum of errors and DNA 

damage. This requires the order-

ing and coordination of various 

events during nuclear division (mitosis) 

and cytoplasmic division (cytokinesis). How 

these events are temporally coordinated 

remains poorly understood. On page 332 

of this issue, Afonso et al. ( 1) propose the 

exciting idea of a “chromosome separation 

checkpoint” that controls the near final step 

of mitosis—the anaphase to telophase tran-

sition (see the figure).

Once the duplicated chromosomes are 

bi-oriented on the mitotic spindle in meta-

phase, anaphase begins, in which the sister 

chromosomes start to separate. Chromo-

somes must then be well separated before 

the beginning of cytokinesis and telophase 

events, which include chromosome decon-

densation, nuclear envelope reformation 

(NER), and mitotic spindle disassembly. 

Elongation of the mitotic spindle facilitates 

this separation process. Anaphase onset be-

fore completion of metaphase gives rise to 

segregation errors, whereas the start of cy-

tokinesis before clearance of chromosomes 

from the cleavage plane gives rise to DNA 

damage ( 2,  3).

Afonso et al. found that treatments that 

impaired spindle elongation delayed the 

onset of chromosome decondensation 

and NER. This delay was dependent on a 

gradient of aurora B kinase–dependent 

phosphorylation that originated from the 

central spindle midzone ( 4). In addition, 

timely chromatin decondensation and NER 

required the activity of protein phospha-

tase 2A (PP2A) and protein phosphatase 1 

(PP1). The findings suggest that when the 

spindle elongates, the separating packs of 

sister chromosomes are gradually pulled 

out of the midzone “sphere of influence” of 

aurora B. This would progressively tip the 

kinase-phosphatase balance in the region 

surrounding the chromosomes in favor of 

the phosphatases. The subsequent dephos-

phorylation of substrates results in chro-

matin decondensation and NER. In case of 

impaired spindle elongation, the separating 

chromosomes remain within the aurora B 

activity gradient for a longer period, thus 

delaying the onset of telophase.

A possible explanation for how aurora 

B may prevent chromatin decondensation 

and NER is that it directly phosphorylates 

substrates involved in chromatin condensa-

tion and in nuclear envelope disassembly. 

The condensin I complex is an interesting 

candidate because it is a direct substrate 

of aurora B and promotes chromosome 

compaction, and its recruitment onto chro-

mosomes requires aurora B kinase activity 

( 5– 8). Indeed, Afonso et al. found that Bar-

ren—the homolog of condensin I in Dro-
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Mitotic checkpoint “Chromosome separation” checkpoint

Order in mitosis. The mitotic checkpoint prevents anaphase onset until all chromosomes are properly connected to the microtubules of the mitotic spindle. The “chromosome separation 

checkpoint” proposed by Afonso et al. delays telophase onset until the separating chromosome packs have been drawn out of the aurora B activity gradient emanating from the midzone. A 

change in the ratio of phosphatases (PP1 and PP2A) to aurora B kinase in the region surrounding the separating chromosomes may control the order of late mitotic events.

sophila melanogaster—dissociated from 

the separating packs of sister chromatids in 

late anaphase, but was retained on lagging 

chromosomes that lingered in proximity of 

midzone-localized aurora B. Importantly, 

depletion of Barren impaired spindle elon-

gation but failed to delay NER, similar to 

what was seen when aurora B was inhib-

ited. It is unknown whether components of 

the nuclear envelope are direct substrates 

of aurora B that must be dephosphorylated 

to allow NER. However, many of these com-

ponents are substrates of cyclin B–cyclin 

dependent kinase 1 (Cdk1) ( 9,  10), a protein 

complex considered to be the master regula-

tor of mitosis and involved in nuclear enve-

lope disassembly ( 10). Afonso et al. observed 

that blocking Cdk1 activity at anaphase on-

set accelerated NER, indicating that Cdk1-

dependent phosphorylation in anaphase 

can also delay telophase events. Interest-

ingly, in the Cdk1-inhibited cells, NER was 

still delayed on the chromosomes in proxim-

ity to the midzone. Perhaps aurora B main-

tains the phosphorylation status of Cdk1 

substrates by regulating the phosphatases 

of these substrates. It would be interesting 

to see whether, for example, the recruitment 

of PP1 and PP2A to anaphase chromosomes 

is reduced on chromosomes that reside in 

the aurora B activity cloud.

Afonso et al. nicely establish that the 

midzone gradient of aurora B activity reg-

ulates chromosome decondensation and 

NER. But is this really a checkpoint in mi-

tosis? The classic definition of a checkpoint 

( 11) is a control mechanism that enforces 

the dependence of a late event in the cell 

division cycle on an earlier event. More-

over, there should be ways to override this 

dependence, thus permitting a late event 

to occur even when an early, normally pre-

requisite event is prevented. The “chromo-

some separation checkpoint” suggested by 

Afonso et al. seems to fulfill these criteria: 

It delays the onset of telophase until the 

chromosomes are well separated, and inhi-

bition of aurora B relieves this dependence. 

But what are the consequences for genomic 

integrity in case this checkpoint is dysfunc-

tional? Answering this question poses a 

serious challenge as it involves inhibiting 

the “chromosome separation checkpoint” 

function of aurora B without perturbing its 

other functions during (late) anaphase ( 12). 

This requires identification of the specific 

substrates involved.

If the “chromosome separation check-

point” is a surveillance mechanism, then 

what is monitored? The most likely answer 

is that it senses the presence of chromatin in 

the midzone. If so, even one or a few chromo-

somes that lag behind in the midzone would 

delay telophase onset. However, although 

Afonso et al. note that NER was prevented 

on lagging chromosomes, these laggards did 

not prevent NER or decondensation of the 

packs of separating chromosomes. This could 

mean that rather than a checkpoint, the data 

support a model in which a gradual change 

in the ratio of phosphatases (PP1 and PP2A) 

to kinases (aurora B and Cdk1) results in se-

quential dephosphorylation of specific sub-

strates, and thus, the ordering of events. This 

model is similar to that proposed for mitotic 

exit events in budding yeast ( 13).

The formation of two new nuclei after 

chromosome segregation necessitates that 

the nuclear envelope reforms around the two 

separated and compact clusters of chromo-

somes ( 10). The aurora B midzone gradient 

is in an excellent position to coordinate and 

order these events because it promotes com-

paction of individual chromosomes ( 8,  14) 

and, as Afonso et al. report, it prevents NER 

before the chromosome packs are well sepa-

rated. As such, the aurora B gradient helps a 

dividing cell face its ultimate challenge—en-

suring that its two daughter cells end up with 

nuclei with identical genomes. ■
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          T
he strong covalent and ionic bonds 

that hold molecules together form 

through the sharing or transfer of 

electrons among the constituent at-

oms. The dynamics of the making 

and breaking of chemical bonds on 

the natural time scale of molecular vibra-

tions (femtoseconds) can be followed by 

exciting the valence electrons in molecules 

with ultrafast pulses from lasers operating 

in the near-infrared, visible, and near-ul-

traviolet ( 1– 3). However, valence electrons 

tend to be delocalized within molecules, so 

it is difficult to obtain site-specific informa-

tion about bonding in this way. Ultrafast ex-

treme ultraviolet and x-ray sources ( 4,  5), as 

well as complementary ultrafast sources of 

electrons, now provide access to the more 

localized inner-shell electrons of selected 

atoms ( 6– 8). As reported on page 288 of 

this issue, Erk et al. ( 9) have determined 

the distance at which electron or charge 

transfer between the fragments of a disso-

ciating molecule becomes negligible by us-

ing a combination of ultrafast x-ray pulses, 

an ultrafast near-infrared laser, and a high-

resolution ion-imaging spectrometer.

Erk et al. used an intense near-infrared 

laser to initiate the dissociation of methyl 

iodide (CH
3
I). This excitation method leads 

primarily to three different sets of dissocia-

tion products: CH
3

+ + I+, CH
3

+ + I, or CH
3
 + 

I+. The three processes creating these prod-

ucts can be readily distinguished by mea-

suring the kinetic energies of the resulting 

fragments. With the near-infrared pulse 

defining time zero, an x-ray laser pulse was 

used to eject an electron from an inner-

shell orbital of the neutral I atom or I+ cat-

ion after a variable time delay. Knowledge 

of the potential energy curves and the mea-

sured kinetic energies allows the measured 

time delays to be correlated with the CH
3
�I 

distance; thus, the decays of the inner-shell 

hole could be studied as a function of this 

distance.

The inner-shell orbital is not associated 

with bonding in CH
3
I, and is well localized 

on the I atom, as is the inner-shell hole 

(electron vacancy) produced by the x-rays. 

This hole is filled by a cascade of Auger 

processes ( 10), in which an electron from 

Charge transfer goes the distance
Electronic relaxation following x-ray excitation illuminates steps in molecular dissociation
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By Stephen T. Pratt a higher-lying (more weakly bound) orbital 

fills the hole, and a second electron from 

the same or another orbital is ejected to 

create a more positively charged molecule. 

Although some of these higher-lying orbit-

als are also localized on the initially excited 

atom, eventually the delocalized valence 

orbitals enter the cascade. The resulting 

highly charged molecule is unstable, and 

it dissociates. The bond is broken when 

electrons are no longer shared between the 

fragments.

For the dissociation path producing CH
3
 

and I+, the holes produced in the valence or-

bitals by the electron cascade lead to some 

probability for charge to end up on the CH
3
, 

and for the molecule to dissociate to CH
3

+ + 

In+, where n+ is the charge state of the mul-

tiply charged ion (typically n ≥ 4; see the 

figure). The repulsion created by positive 

charge on both species leads to a “Coulomb 

explosion” and causes the fragments to gain 

considerably more kinetic energy than the 

case where the CH
3
 is neutral. At the short-

est delays, CH
3
I+ has not yet begun to disso-

ciate when the core hole is produced. When 

the valence shell holes appear after rapid 

Auger decay, there is substantial probabil-

ity for producing CH
3

+ + In+. At very long 

delays, the molecule is fully dissociated to 

CH
3
 + I+ before the x-ray pulse arrives, so 

the valence orbitals are fully separated into 

those of the two fragments, and no charge 

appears on the CH
3
. At intermediate times, 

the overlap of the fragment orbitals de-

creases with increasing separation, result-

ing in the vanishing formation of CH
3

+ that 

signals the “breaking” of the bonding be-

tween fragments.

The critical distance between the CH
3
 

and highly charged In+ fragments was esti-

mated with a simple molecular model ( 11) 

originally developed for ion-atom collisions 

that considers only the Coulomb potentials 

of the separating fragments and the bind-

ing energy of the most weakly bound elec-

tron. The success of this model not only 

supports the analysis of Erk et al. but also 

X-rays

+

+

+

+

+

Long delayIntermediate delayShort delay

–ne
–

–ne
– 

or –(n – 1)e
–

–(n – 1)e
–
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3
I

+
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+
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3

+
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3
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After the breakup. In the experiment of Erk et al., a near-infrared laser pulse creates CH
3
I+ in a dissociative state. 

As the CH
3
 and I+ fragments separate, a delayed x-ray laser pulse excites an inner-shell electron of I+. This event sets 

off a cascade of processes that ultimately ejects a number of both inner-shell and valence electrons. The number of 

electrons will in general depend on the details of the decay process. At short delay, charge is produced on the CH
3
 

fragment, resulting in CH
3

+, whereas at long delay, the valence orbitals of the fragments are separated before the 

x-ray pulse, and the CH
3
 is not ionized. At intermediate delays, the transition from CH

3
+ to CH

3
 products is observed, 

signaling the reduction in overlap of the valence orbitals of the CH
3
 and In+ fragments.
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illuminates the close connection between 

the core-hole relaxation dynamics in photo-

excitation and collision studies with highly 

charged ions. Of course, some ambiguity in 

the specific nature of the process remains. 

For example, electron transfer from the 

CH
3
 to the In+ can precede the ejection of 

an outer electron of the latter, or an inter-

fragment process can occur in which an 

outer electron of the In+ fills the hole and 

the energy released results in the ejection 

of an electron from the CH
3
. Both processes 

depend on the overlap of the fragment wave 

functions, but could be distinguished in fu-

ture experiments by measuring the energies 

of the ejected electrons.

Mapping the changing Auger processes 

as a function of the interfragment distance 

will also provide considerable insight into 

how the electronic structure changes along 

the reaction coordinate—information that 

is relevant for understanding processes like 

intermolecular Coulombic decay ( 12). Such 

studies should reveal additional complexity 

when the time scales for Auger decay and 

motion of the fragments are similar ( 13). In 

this case, the separation of the electronic 

versus vibrational and translational mo-

tions embodied by the Born-Oppenheimer 

approximation breaks down, along with the 

traditional view of potential energy surfaces, 

and alternative perspectives will be required. 

Future experiments will certainly address 

these complexities in more detail. For now, 

Erk et al. provide a tantalizing glimpse of 

how x-ray free-electron lasers and advanced 

laser and detector technologies can provide 

new insight into the mechanisms of molecu-

lar physics and chemistry. ■  
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          E
lectronic device therapies, including 

implantable pacemakers and defibril-

lators, have revolutionized the man-

agement of cardiovascular disease 

( 1). For example, patients with certain 

slow cardiac rhythms (bradycardia) 

can experience exercise intolerance, easy 

fatigability, or circulatory collapse. Given 

that currently available drugs cannot safely 

and sustainably elevate heart rate, the only 

proven treatment for symptomatic brady-

cardia is permanent pacemaker implanta-

tion. Contemporary electronic pacemakers 

have an extended battery life, contain leads 

that minimize inflammation and scar-

ring, and possess advanced algorithms to 

contend with heart rate elevations during 

exercise. These features allow pacemakers 

to improve longevity and quality of life in 

patients who require them. But electronic 

pacemakers cannot recapitulate all as-

pects of the endogenous sinoatrial node, 

the dominant pacemaker in the uninjured 

heart. In this regard, a recent study by Hu 

et al. ( 2) demonstrates the feasibility of a 

somatic cell reprogramming strategy for 

creating a biological pacemaker in a large 

animal preclinical model, raising prospects 

for clinical translation.

Although the efficacy of electronic pace-

makers is clear, there remain specific clini-

cal situations where a biological pacemaker 

might be advantageous. For example, pace-

maker infections necessitate removal of 

all device-associated equipment (i.e., bat-

tery and leads) while the patient is treated 

with antibiotics ( 3). However, this is prob-

lematic for pacemaker-dependent patients 

during the period of treatment (typically 2 

to 6 weeks). Currently, a temporary pace-

maker is placed for this indication, but 

implantation of additional hardware is not 

an ideal solution given the high likelihood 

for re-infection. Many view this scenario as 

the perfect niche for a temporary biologi-

cal pacemaker ( 4). A biological pacemaker 

should theoretically exhibit more physi-

ological autonomic responses and accom-

modate for growth, which is especially 

important in pediatric patients. Such rea-

soning provides strong rationale for devel-

oping a biological pacemaker.

Previous attempts to create a biological 

pacemaker have focused on three general 

approaches: introduction of specific ion 

channels into heart muscle cells (cardio-

myocytes) by gene transfer (transduction), 

ion channel expression in non-cardiomyo-

cytes followed by cell fusion to native car-

diomyocytes in situ, and the introduction 

of stem cells that have been previously 

differentiated into cardiomyocytes. In an 

early iteration of ion channel transduc-

tion, a dominant negative potassium chan-

nel (which antagonizes the native channel) 

was introduced directly into ventricular 

myocardium in a small animal preclini-

cal model, resulting in a transient escape 

rhythm ( 5). Because such an approach re-

quired direct delivery of the gene encoding 

the potassium channel into cardiomyo-

cytes, cell fusion strategies were developed 

to optimize the properties of heterologous 

“delivery” cells prior to their introduction 

into preclinical animal models ( 6– 8). How-

ever, these approaches may not recapitulate 

additional as-yet uncharacterized features 

of pacemaker cells. To circumvent this limi-

tation, embryonic stem cells were differ-

entiated in vitro into cardiomyocytes with 

pacemaker activity and then introduced 

directly into the heart of pigs or guinea 

pigs ( 9,  10). Although this strategy proved 

successful, the teratogenic potential and 

heterogeneity of differentiated embryonic 

stem cells have slowed clinical translation.

Recently, direct lineage reprogramming 

has emerged as a means for converting one 

cell type into another cell type, including 

pluripotent stem cells, neurons, and cardio-
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Heart muscle cells in a large animal model are 
reprogrammed to restore heart rate and function
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illuminates the close connection between 

the core-hole relaxation dynamics in photo-

excitation and collision studies with highly 

charged ions. Of course, some ambiguity in 

the specific nature of the process remains. 

For example, electron transfer from the 

CH
3
 to the In+ can precede the ejection of 

an outer electron of the latter, or an inter-

fragment process can occur in which an 

outer electron of the In+ fills the hole and 

the energy released results in the ejection 

of an electron from the CH
3
. Both processes 

depend on the overlap of the fragment wave 

functions, but could be distinguished in fu-

ture experiments by measuring the energies 

of the ejected electrons.

Mapping the changing Auger processes 

as a function of the interfragment distance 

will also provide considerable insight into 

how the electronic structure changes along 

the reaction coordinate—information that 

is relevant for understanding processes like 

intermolecular Coulombic decay ( 12). Such 

studies should reveal additional complexity 

when the time scales for Auger decay and 

motion of the fragments are similar ( 13). In 

this case, the separation of the electronic 

versus vibrational and translational mo-

tions embodied by the Born-Oppenheimer 

approximation breaks down, along with the 

traditional view of potential energy surfaces, 

and alternative perspectives will be required. 

Future experiments will certainly address 

these complexities in more detail. For now, 

Erk et al. provide a tantalizing glimpse of 

how x-ray free-electron lasers and advanced 

laser and detector technologies can provide 

new insight into the mechanisms of molecu-

lar physics and chemistry. ■  
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          E
lectronic device therapies, including 

implantable pacemakers and defibril-

lators, have revolutionized the man-

agement of cardiovascular disease 

( 1). For example, patients with certain 

slow cardiac rhythms (bradycardia) 

can experience exercise intolerance, easy 

fatigability, or circulatory collapse. Given 

that currently available drugs cannot safely 

and sustainably elevate heart rate, the only 

proven treatment for symptomatic brady-

cardia is permanent pacemaker implanta-

tion. Contemporary electronic pacemakers 

have an extended battery life, contain leads 

that minimize inflammation and scar-

ring, and possess advanced algorithms to 

contend with heart rate elevations during 

exercise. These features allow pacemakers 

to improve longevity and quality of life in 

patients who require them. But electronic 

pacemakers cannot recapitulate all as-

pects of the endogenous sinoatrial node, 

the dominant pacemaker in the uninjured 

heart. In this regard, a recent study by Hu 

et al. ( 2) demonstrates the feasibility of a 

somatic cell reprogramming strategy for 

creating a biological pacemaker in a large 

animal preclinical model, raising prospects 

for clinical translation.

Although the efficacy of electronic pace-

makers is clear, there remain specific clini-

cal situations where a biological pacemaker 

might be advantageous. For example, pace-

maker infections necessitate removal of 

all device-associated equipment (i.e., bat-

tery and leads) while the patient is treated 

with antibiotics ( 3). However, this is prob-

lematic for pacemaker-dependent patients 

during the period of treatment (typically 2 

to 6 weeks). Currently, a temporary pace-

maker is placed for this indication, but 

implantation of additional hardware is not 

an ideal solution given the high likelihood 

for re-infection. Many view this scenario as 

the perfect niche for a temporary biologi-

cal pacemaker ( 4). A biological pacemaker 

should theoretically exhibit more physi-

ological autonomic responses and accom-

modate for growth, which is especially 

important in pediatric patients. Such rea-

soning provides strong rationale for devel-

oping a biological pacemaker.

Previous attempts to create a biological 

pacemaker have focused on three general 

approaches: introduction of specific ion 

channels into heart muscle cells (cardio-

myocytes) by gene transfer (transduction), 

ion channel expression in non-cardiomyo-

cytes followed by cell fusion to native car-

diomyocytes in situ, and the introduction 

of stem cells that have been previously 

differentiated into cardiomyocytes. In an 

early iteration of ion channel transduc-

tion, a dominant negative potassium chan-

nel (which antagonizes the native channel) 

was introduced directly into ventricular 

myocardium in a small animal preclini-

cal model, resulting in a transient escape 

rhythm ( 5). Because such an approach re-

quired direct delivery of the gene encoding 

the potassium channel into cardiomyo-

cytes, cell fusion strategies were developed 

to optimize the properties of heterologous 

“delivery” cells prior to their introduction 

into preclinical animal models ( 6– 8). How-

ever, these approaches may not recapitulate 

additional as-yet uncharacterized features 

of pacemaker cells. To circumvent this limi-

tation, embryonic stem cells were differ-

entiated in vitro into cardiomyocytes with 

pacemaker activity and then introduced 

directly into the heart of pigs or guinea 

pigs ( 9,  10). Although this strategy proved 

successful, the teratogenic potential and 

heterogeneity of differentiated embryonic 

stem cells have slowed clinical translation.

Recently, direct lineage reprogramming 

has emerged as a means for converting one 

cell type into another cell type, including 

pluripotent stem cells, neurons, and cardio-
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myocytes ( 11). The conversion of fibroblasts 

into mouse and human cardiomyocyte-like 

cells has been well-documented ( 12,  13), al-

though it remains inefficient. However, a 

method for generating pacemaker cells in 

this way has not yet been identified. Alterna-

tively, interconversion of distinct cardiomyo-

cyte cell types (e.g., ventricular to pacemaker 

and atrial to pacemaker) has been observed 

in vitro and in vivo ( 14,  15). Specifically, the 

human developmental transcription factor 

T-box 18 (Tbx18) can reprogram ventricular 

myocytes directly into induced sinoatrial 

node (iSAN) cells with many features char-

acteristic of endogenous pacemaker cells. 

Moreover, this somatic reprogramming into 

iSAN cells has been achieved in vivo in a 

small animal preclinical model, resulting in 

durable pacemaker activity.

The study by Hu et al. represents the 

next logical step toward clinical transla-

tion of somatic reprogramming to create 

a biological pacemaker. The authors used 

an adenovirus vector to transduce the gene 

encoding human Tbx18 into ventricular 

cardiomyocytes of pigs. The procedure 

involved viral delivery via a specialized 

catheter threaded through a vein into the 

right ventricle. They observed meaningful 

pacemaker activity in the context of experi-

mentally induced complete heart block, a 

clinical condition that would normally re-

quire pacemaker implantation in humans. 

From a functional standpoint, relative to 

control animals, the pigs receiving Tbx18 

showed an increased heart rate with less 

dependence on a backup electronic pace-

maker. Pacemaker activity in pigs that 

received Tbx18 showed diurnal variation 

(higher rate during the day and lower rate 

at night) and appropriate autonomic re-

sponses (e.g., increased rate in response to 

isoproterenol infusion), relative to control 

animals. Furthermore, the authors provide 

evidence that pacemaker activity emanates 

from the injection site, indicating that re-

programmed cardiomyocytes are indeed 

responsible for the observed clinical im-

provements. No increase in arrhythmias 

was observed in Tbx18-recipient animals, 

and all measured clinical parameters ap-

peared similar to those of control animals.

The demonstration of stable pacemaker 

activity induced through percutaneous 

venous delivery in a clinically relevant 

large-animal model suggests that somatic 

reprogramming may be a viable strategy 

for creating a biological pacemaker. Prior 

to nonhuman primate studies and possible 

phase I clinical trials in humans, however, 

several hurdles will need to be cleared. 

Although Hu et al. suggest that the tran-

sient nature of adenoviral infection might 

be advantageous for a temporary biologi-

cal pacemaker after removal of an infected 

device, it remains unclear whether the ob-

served durability will be sufficient for pro-

longed antibiotic regimens (e.g., 6 weeks 

for pacemaker-related endocarditis). The 

Tbx18-induced biological pacemaker was 

effective for up to 14 days in the pig model. 

The lack of clinically adverse effects in the 

study is encouraging, but it remains to 

be seen whether viral dispersion leads to 

multiple pacemaker foci within the heart 

or whether the low-level infection in the 

lung and spleen that was observed might 

have long-term consequences. Moreover, 

extended studies will be needed to evalu-

ate whether adenoviral infection leads to 

untoward inflammation or fibrosis at the 

site of injection, which may lead to danger-

ous ventricular arrhythmias or depressed 

myocardial function. Given these potential 

limitations, the development of alternative 

delivery systems capable of more durable 

gene expression may expand the possible 

indications for a biological pacemaker in 

the future.

Because Tbx18 is a pleiotropic develop-

mental regulator, it could induce alterna-

tive cell fates in vivo that have escaped 

detection and are potentially dangerous. 

Nonetheless, the results of Hu et al. repre-

sent a critical step toward potentially fill-

ing an important clinical niche and provide 

an encouraging indication that a biological 

pacemaker might eventually be ready for 

human translation.   ■
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      T
ocopherols are naturally occurring 

fat-soluble antioxidants that protect 

living cells against highly reactive 

free radicals. The best-known ex-

ample is D-α-tocopherol, the most 

biologically active ingredient in vi-

tamin E. Their potent antioxidative prop-

erties result from the 6-hydroxy chroman 

(6-chromanol) motif, which is a hidden hy-

droquinone. The 6-chromanol unit readily 

reacts with fatty acid peroxide radicals to 

give stabilized chromanoxyl radicals and 

far less reactive hydroperoxides ( 1); both 

intermediates can then be degraded by the 

cell safely. Because of their unique antioxi-

dative properties, tocopherols are widely 

used components in human and animal nu-

trition additives. On page 291 of this issue, 

Uyanik et al. ( 2) report a low-cost synthesis 

method for making tocopherols with high 

biological activity.

The high worldwide demand for to-

copherols cannot be fulfilled by natural 

sources, and the vast majority of tocoph-

erols are therefore made synthetically ( 3). 

Even though the naturally occurring R,R,R-

enantiomers of tocopherols have by far the 

highest biological activity, current industrial 

processes produce their racemic forms (all 

rac-α-tocopherols) as a mixture of eight ste-

reoisomers. Only four of the eight isomers 

show biological activity; the other four de-

rivatives are wasted material.

Chemists around the world have devel-

oped novel methods for the enantioselective 

synthesis of chromans, which can be used to 

exclusively construct the biologically active 

R,R,R enantiomer of tocopherols ( 4). Unfor-

tunately, most existing methods are based 

on cycloetherifications of allyl alcohols or 

alkenes, which are catalyzed by expensive 

and toxic transition metals such as palla-

dium or ruthenium and require high cata-

lyst loadings and expensive chiral ligands. 

Furthermore, the synthesis of the prochiral 

precursors can be tedious ( 5– 7).

Uyanik et al. now describe a transi-

tion metal–free synthesis of 6-chromanols 

through an enantioselective oxidative cy-

cloetherification of hydroquinones (see 

the figure). As their oxidation catalyst, the 

authors use chiral tetrabutylammonium 

iodides [R
4
N+* I–] in remarkably low catalyst 

loadings (0.5 mol % or less), together with 

various organic or inorganic peroxides as 

stoichiometric co-oxidants. Using this com-

bination, 6-chromanols can be synthesized 

efficiently in very high yields (up to 99%) 

and remarkable enantioselectivities (up to 

93% enantiomeric excess).

Most intriguing about this approach is 

the fact that a 6-chromanol—the key struc-

tural element of perhaps the most abundant 

antioxidants in nature—can be constructed 

via oxidation catalysis in a medium full of 

oxidants. The authors construct the 6-chro-

manol in the natural R configuration in a 

peroxide-containing medium that is much 

more concentrated than those usually en-

countered by tocopherols in natural environ-

ments. This is like constructing a fire station 

in a burning forest with wooden tools.

The key to success was the introduc-

tion of a highly effective protecting group 

at the hydroquinone hydroxyl (OH) group. 

This OH group is not involved in the key 

oxidative C-O bond-forming step. Its de-

rivatization with an electron-withdrawing 

tosyl group (tosyl = 4-toluenesulfonyl) re-

duces the reduction potential of the hydro-

quinone so much that no undesired side 
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oxidation to the corresponding quinone 

can occur, neither in the starting material 

nor in the final 6-chromanol. This trick also 

makes the synthesis of the tosyl derivatives 

much easier than that of their silyl-pro-

tected hydroquinone analogs. Furthermore, 

the method provides efficient synthetic ac-

cess to other chroman-derived antioxidants, 

such as trolox (a water-soluble analog of vi-

tamin E) and dihydrodaedalin A (a potent 

kinase inhibitor) (see the figure).

With the same oxidative method, dihy-

drobenzofurans can also be generated with 

even lower catalyst loadings of 0.05%, im-

plying catalyst turnover numbers (TONs) of 

2000. This value is extremely high for tran-

sition metal–free oxidation catalysis and 

is competitive with the most active homo-

geneous transition metal catalysts. These 

high TONs could only be observed when 

potassium carbonate (K
2
CO

3
) was added as 

a base. Uyanik et al. proposed recently that 

the combination of a tetraalkylammonium 

iodide with an inorganic or organic perox-

ide leads to the formation of hypoiodites 

(IO– or IOH) as the key catalytically active 

species in this type of oxidative C-O bond–

forming reaction ( 8– 10). Using Raman 

spectroscopy, they now demonstrate the 

presence of hypoiodite and hypoiodous acid 

in the reaction mixture. In addition, they 

observed triiodide anion (I
3

–), a stable but 

catalytically inactive species. The authors 

further show that triiodide can be forced to 

form a hypoiodite again by a base additive, 

explaining the substantial effect of base ad-

dition in this reaction.

Beyond the practical aspects of this metal-

free oxidative cycloetherification, which 

gives fast access to various biologically active 

6-chromanol derivatives, the mechanistic in-

vestigations should lead to a more profound 

understanding of iodide-catalyzed oxidative 

transformations. Finally, Uyanik et al.’s study 

shows that oxidation catalysis (in particular, 

hypoiodite-mediated oxidation catalysis) can 

be a relatively mild process, allowing even 

antioxidants to be generated in an efficient 

way in an oxidative environment.   ■
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          M
olecular motors are protein ma-

chines that power the movement 

of many different cargoes along 

filamentous tracks within eukary-

otic cells. The dyneins move along 

microtubules, with the axonemal 

branch of the protein family working in large 

teams to drive the familiar beating of cilia 

and flagella by causing sliding of microtu-

bules against each other. The 

cytoplasmic dyneins, on the 

other hand, move cargoes—in-

cluding chromosomes, mem-

brane-bounded organelles, 

mRNA particles, and protein 

complexes—along single mi-

crotubules ( 1). An important 

difference between cytoplas-

mic dynein 1 and axonemal 

dyneins is that as few as one 

to five molecules of cytoplas-

mic dynein 1 are enough to 

move small cargoes, whereas 

axonemal dyneins always 

work together. Another dis-

tinction is that cytoplasmic 

dynein 1 needs the help of an 

additional complex—dynac-

tin—to function in the cell ( 2). 

Exactly what dynactin does, 

however, has been controver-

sial. Two new papers, McKen-

ney et al. on page 337 of this 

issue ( 3) and Schlager et al. 

( 4), identify a missing piece of 

the puzzle—specific adaptor 

proteins—that helps explain 

how dynactin and cytoplasmic dynein 1 gen-

erate a single motor assembly that can move 

processively for many micrometers along the 

microtubule before falling off.

Cytoplasmic dynein 1 (called dynein here-

after) is a large (1.6 MD) protein complex 

that contains two copies each of the massive 

motor subunit (~450 kD) and five other sub-

units (see the first figure). The other subunits 

associate with the N-terminal region of the 

motor subunits to form a “tail” that binds 

to cargoes ( 1). Dynactin was purified as an 

activator of dynein-driven membrane move-

ment, and it is also a large complex consist-

ing of 11 different subunits ( 2) (see the second 

figure). Dynactin is needed for almost every 

dynein function in vivo ( 1,  2), and although 

the p150Glued subunit of dynactin interacts 

with the dynein intermediate chain, it has 

been difficult to find evidence for stable as-

sociation of the native complexes.

Several theories have been proposed to 

explain dynein’s requirement for dynactin. 

First, because dynactin binds to some car-

goes, it might simply drive 

dynein recruitment ( 2). Sec-

ond, because p150Glued has 

a microtubule binding do-

main, it might hold on to 

the microtubule as dynein 

travels along it, so increasing 

dynein’s processivity ( 5,  6). 

However, there is evidence 

against both these models 

[reviewed in ( 1)]. Finally, 

dynactin might somehow 

directly activate dynein’s mo-

tor activity, without the need 

for p150Glued to bind to micro-

tubules ( 7).

An important step forward 

came with the discovery that 

mixing purified mammalian 

dynein and dynactin with 

Bicaudal D2 N-terminal do-

main (BicD2N) led to the for-

mation of a stable complex 

of all three components ( 8). 

BicD2 in mammals helps re-

cruit dynein to membranes 

in the secretory pathway and 

to the nuclear envelope ( 8), 

whereas the Drosophila homolog, BicD, plays 

a role in recruiting dynein to mRNPs ( 9). The 

two new studies have investigated the effects 

of BicD2N on dynein motility, using dynein 

purified from brain or cultured cells ( 3) or 

human dynein produced recombinantly ( 4). 

Both groups found that single fluorescently 

labeled molecules of dynein hardly moved at 

all, even in the presence of dynactin, and did 
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oxidation to the corresponding quinone 

can occur, neither in the starting material 

nor in the final 6-chromanol. This trick also 

makes the synthesis of the tosyl derivatives 

much easier than that of their silyl-pro-

tected hydroquinone analogs. Furthermore, 

the method provides efficient synthetic ac-

cess to other chroman-derived antioxidants, 

such as trolox (a water-soluble analog of vi-

tamin E) and dihydrodaedalin A (a potent 

kinase inhibitor) (see the figure).

With the same oxidative method, dihy-

drobenzofurans can also be generated with 

even lower catalyst loadings of 0.05%, im-

plying catalyst turnover numbers (TONs) of 

2000. This value is extremely high for tran-

sition metal–free oxidation catalysis and 

is competitive with the most active homo-

geneous transition metal catalysts. These 

high TONs could only be observed when 

potassium carbonate (K
2
CO

3
) was added as 

a base. Uyanik et al. proposed recently that 

the combination of a tetraalkylammonium 

iodide with an inorganic or organic perox-

ide leads to the formation of hypoiodites 

(IO– or IOH) as the key catalytically active 

species in this type of oxidative C-O bond–

forming reaction ( 8– 10). Using Raman 

spectroscopy, they now demonstrate the 

presence of hypoiodite and hypoiodous acid 

in the reaction mixture. In addition, they 

observed triiodide anion (I
3

–), a stable but 

catalytically inactive species. The authors 

further show that triiodide can be forced to 

form a hypoiodite again by a base additive, 

explaining the substantial effect of base ad-

dition in this reaction.

Beyond the practical aspects of this metal-

free oxidative cycloetherification, which 

gives fast access to various biologically active 

6-chromanol derivatives, the mechanistic in-

vestigations should lead to a more profound 

understanding of iodide-catalyzed oxidative 

transformations. Finally, Uyanik et al.’s study 

shows that oxidation catalysis (in particular, 

hypoiodite-mediated oxidation catalysis) can 

be a relatively mild process, allowing even 

antioxidants to be generated in an efficient 

way in an oxidative environment.   ■
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          M
olecular motors are protein ma-

chines that power the movement 

of many different cargoes along 

filamentous tracks within eukary-

otic cells. The dyneins move along 

microtubules, with the axonemal 

branch of the protein family working in large 

teams to drive the familiar beating of cilia 

and flagella by causing sliding of microtu-

bules against each other. The 

cytoplasmic dyneins, on the 

other hand, move cargoes—in-

cluding chromosomes, mem-

brane-bounded organelles, 

mRNA particles, and protein 

complexes—along single mi-

crotubules ( 1). An important 

difference between cytoplas-

mic dynein 1 and axonemal 

dyneins is that as few as one 

to five molecules of cytoplas-

mic dynein 1 are enough to 

move small cargoes, whereas 

axonemal dyneins always 

work together. Another dis-

tinction is that cytoplasmic 

dynein 1 needs the help of an 

additional complex—dynac-

tin—to function in the cell ( 2). 

Exactly what dynactin does, 

however, has been controver-

sial. Two new papers, McKen-

ney et al. on page 337 of this 

issue ( 3) and Schlager et al. 

( 4), identify a missing piece of 

the puzzle—specific adaptor 

proteins—that helps explain 

how dynactin and cytoplasmic dynein 1 gen-

erate a single motor assembly that can move 

processively for many micrometers along the 

microtubule before falling off.

Cytoplasmic dynein 1 (called dynein here-

after) is a large (1.6 MD) protein complex 

that contains two copies each of the massive 

motor subunit (~450 kD) and five other sub-

units (see the first figure). The other subunits 

associate with the N-terminal region of the 

motor subunits to form a “tail” that binds 

to cargoes ( 1). Dynactin was purified as an 

activator of dynein-driven membrane move-

ment, and it is also a large complex consist-

ing of 11 different subunits ( 2) (see the second 

figure). Dynactin is needed for almost every 

dynein function in vivo ( 1,  2), and although 

the p150Glued subunit of dynactin interacts 

with the dynein intermediate chain, it has 

been difficult to find evidence for stable as-

sociation of the native complexes.

Several theories have been proposed to 

explain dynein’s requirement for dynactin. 

First, because dynactin binds to some car-

goes, it might simply drive 

dynein recruitment ( 2). Sec-

ond, because p150Glued has 

a microtubule binding do-

main, it might hold on to 

the microtubule as dynein 

travels along it, so increasing 

dynein’s processivity ( 5,  6). 

However, there is evidence 

against both these models 

[reviewed in ( 1)]. Finally, 

dynactin might somehow 

directly activate dynein’s mo-

tor activity, without the need 

for p150Glued to bind to micro-

tubules ( 7).

An important step forward 

came with the discovery that 

mixing purified mammalian 

dynein and dynactin with 

Bicaudal D2 N-terminal do-

main (BicD2N) led to the for-

mation of a stable complex 

of all three components ( 8). 

BicD2 in mammals helps re-

cruit dynein to membranes 

in the secretory pathway and 

to the nuclear envelope ( 8), 

whereas the Drosophila homolog, BicD, plays 

a role in recruiting dynein to mRNPs ( 9). The 

two new studies have investigated the effects 

of BicD2N on dynein motility, using dynein 

purified from brain or cultured cells ( 3) or 

human dynein produced recombinantly ( 4). 

Both groups found that single fluorescently 

labeled molecules of dynein hardly moved at 

all, even in the presence of dynactin, and did 
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not interact stably with dynactin. Further-

more, McKenney et al. ( 3) found that dynac-

tin on its own did not bind to microtubules. 

Adding BicD2N formed a tripartite complex 

of one dynein, one dynactin and one BicD2N 

dimer. This complex showed high processiv-

ity when moving along microtubules in vitro, 

with run lengths and speeds approaching 

those seen for dynein cargoes in cells ( 3,  4). 

McKenney et al. also showed that other dy-

nein/dynactin “adaptors”—Rab11-FIP3, Spin-

dly, and Hook—also formed similar highly 

active tripartite complexes. This suggests an 

attractive unified view where the interaction 

with cargo via adaptors not only recruits the 

motor but also leads to its assembly into an 

active complex. This would prevent dynein 

not bound to cargo from using up adenosine 

triphosphate unnecessarily. It also highlights 

the crucial role that adaptor regulation will 

play in defining where and when dynein is 

active.

Questions remain about how the forma-

tion of the tripartite assembly promotes 

dynein activity. McKenney et al.’s study sug-

gests that the microtubule binding activity of 

p150Glued is needed to enhance dynein’s pro-

cessivity in vitro. However, these results are 

hard to reconcile with the observation that 

the p150Glued microtubule binding domain is 

not needed for dynein to move membrane 

cargoes in Drosophila S2 cells and mouse 

neurons in culture ( 10,  11).

One possibility still to be tested is that 

the formation of the three-way com-

plex improves the coordination be-

tween the motor heads, or perhaps 

increases the rigidity of the complex, 

which could improve processivity, en-

hance force production, or both. This 

is an intriguing idea, since a mutation 

in the tail region of mouse dynein re-

duced force production ( 12) (see the 

first figure). Furthermore, a number of 

human disease–linked mutations are 

found in similar positions ( 13). Nega-

tive stain electron microscopy imaging 

of the tripartite assembly by Schlager 

et al. ( 4) suggests that dynactin (and 

likely BicD2N too) lines up along dy-

nein’s tail ( 4), where it is in the right 

place to alter dynein’s structural or 

mechanical properties. In contrast, 

McKenney et al. showed that there is 

a flexible linkage between dynein and 

dynactin ( 3). Of course, the organiza-

tion of the complex when bound to na-

tive cargo may be different again.

There are plenty of other open ques-

tions. We do not know if this model 

holds true for all dynein cargoes and 

interactors, nor do we understand 

whether it matters which dynein sub-

unit binds the adaptor, or how the 

adaptor is recruited to the cargo. We need to 

determine whether this mechanism contrib-

utes to controlling the direction of move-

ment for cargoes that have both dynein and 

a plus-end–directed kinesin motor attached. 

Finally, we need to understand how the 

other known dynein regulators LIS1, Nde1, 

and Ndel1 fit into this scheme. It may be 

that the modes of action of LIS1-Nde1-Ndel1 

and dynactin are fundamentally different, 

since LIS1 binds to dynein’s motor domain 

( 14) and dynein-dynactin and dynein-LIS1-

Nde1 interactions are mutually exclusive 

( 15). The ability to reconstitute dynein mo-

tility in vitro in a way that truly mimics its 

cellular function will hopefully pave the way 

to understanding the complexity of this in-

triguing motor protein.        ■
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          C
ontrolled quantum systems are ac-

tively explored for efficient infor-

mation processing, simulations of 

complex quantum systems, and secure 

quantum communications and me-

trology. In these areas, quantum de-

vices have the potential to outperform their 

classical counterparts. However, achieving 

full control over large systems is difficult be-

cause the complex quantum mechanical cor-

relations in large-scale systems are extremely 

fragile with respect to environmental noise 

or thermal fluctuations. One attractive ap-

proach is to use ensembles of atoms prepared 

in well-defined quantum states and cooled 

to temperatures near absolute zero. Ultra-

cold atomic gases have emerged as one of 

the leading platforms in the study of many-

body quantum phenomena. On page 306 of 

this issue, Kaufman et al. ( 1) demonstrate a 

novel twist on this approach with a “bottom-

up” technique that allows complex quantum 

systems of ultracold neutral atoms to be put 

together one atom at a time.

When dealing with electrical circuits or 

computer code, it is often easier to develop 

a complex system by first testing isolated 

subsystems and then putting them together 

piecewise. This modular principle applies 

to quantum systems as well. Modularity 

is an essential property of certain physi-

cal implementations of quantum systems, 

such as trapped ions ( 2) and superconduct-

ing circuits ( 3), but not, so far, of ultracold 

atoms. Kaufman et al. produce fully con-

trolled, pure quantum states of single, iso-

lated rubidium atoms and then controllably 

bring them close enough together so that 

their quantum mechanical wave functions 

overlap and interfere. In combination with 

other recent advances, this approach opens 

the door to building complex quantum sys-

tems composed of atoms, molecules, and 

nanoscale solid-state systems.

Kaufman et al. start with a cloud of 

many atoms laser-cooled to temperatures 
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not interact stably with dynactin. Further-

more, McKenney et al. ( 3) found that dynac-

tin on its own did not bind to microtubules. 

Adding BicD2N formed a tripartite complex 

of one dynein, one dynactin and one BicD2N 

dimer. This complex showed high processiv-

ity when moving along microtubules in vitro, 

with run lengths and speeds approaching 

those seen for dynein cargoes in cells ( 3,  4). 

McKenney et al. also showed that other dy-

nein/dynactin “adaptors”—Rab11-FIP3, Spin-

dly, and Hook—also formed similar highly 

active tripartite complexes. This suggests an 

attractive unified view where the interaction 

with cargo via adaptors not only recruits the 

motor but also leads to its assembly into an 

active complex. This would prevent dynein 

not bound to cargo from using up adenosine 

triphosphate unnecessarily. It also highlights 

the crucial role that adaptor regulation will 

play in defining where and when dynein is 

active.

Questions remain about how the forma-

tion of the tripartite assembly promotes 

dynein activity. McKenney et al.’s study sug-

gests that the microtubule binding activity of 

p150Glued is needed to enhance dynein’s pro-

cessivity in vitro. However, these results are 

hard to reconcile with the observation that 

the p150Glued microtubule binding domain is 

not needed for dynein to move membrane 

cargoes in Drosophila S2 cells and mouse 

neurons in culture ( 10,  11).

One possibility still to be tested is that 

the formation of the three-way com-

plex improves the coordination be-

tween the motor heads, or perhaps 

increases the rigidity of the complex, 

which could improve processivity, en-

hance force production, or both. This 

is an intriguing idea, since a mutation 

in the tail region of mouse dynein re-

duced force production ( 12) (see the 

first figure). Furthermore, a number of 

human disease–linked mutations are 

found in similar positions ( 13). Nega-

tive stain electron microscopy imaging 

of the tripartite assembly by Schlager 

et al. ( 4) suggests that dynactin (and 

likely BicD2N too) lines up along dy-

nein’s tail ( 4), where it is in the right 

place to alter dynein’s structural or 

mechanical properties. In contrast, 

McKenney et al. showed that there is 

a flexible linkage between dynein and 

dynactin ( 3). Of course, the organiza-

tion of the complex when bound to na-

tive cargo may be different again.

There are plenty of other open ques-

tions. We do not know if this model 

holds true for all dynein cargoes and 

interactors, nor do we understand 

whether it matters which dynein sub-

unit binds the adaptor, or how the 

adaptor is recruited to the cargo. We need to 

determine whether this mechanism contrib-

utes to controlling the direction of move-

ment for cargoes that have both dynein and 

a plus-end–directed kinesin motor attached. 

Finally, we need to understand how the 

other known dynein regulators LIS1, Nde1, 

and Ndel1 fit into this scheme. It may be 

that the modes of action of LIS1-Nde1-Ndel1 

and dynactin are fundamentally different, 

since LIS1 binds to dynein’s motor domain 

( 14) and dynein-dynactin and dynein-LIS1-

Nde1 interactions are mutually exclusive 

( 15). The ability to reconstitute dynein mo-

tility in vitro in a way that truly mimics its 

cellular function will hopefully pave the way 

to understanding the complexity of this in-

triguing motor protein.        ■
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ontrolled quantum systems are ac-

tively explored for efficient infor-

mation processing, simulations of 

complex quantum systems, and secure 

quantum communications and me-

trology. In these areas, quantum de-

vices have the potential to outperform their 

classical counterparts. However, achieving 

full control over large systems is difficult be-

cause the complex quantum mechanical cor-

relations in large-scale systems are extremely 

fragile with respect to environmental noise 

or thermal fluctuations. One attractive ap-

proach is to use ensembles of atoms prepared 

in well-defined quantum states and cooled 

to temperatures near absolute zero. Ultra-

cold atomic gases have emerged as one of 

the leading platforms in the study of many-

body quantum phenomena. On page 306 of 

this issue, Kaufman et al. ( 1) demonstrate a 

novel twist on this approach with a “bottom-

up” technique that allows complex quantum 

systems of ultracold neutral atoms to be put 

together one atom at a time.

When dealing with electrical circuits or 

computer code, it is often easier to develop 

a complex system by first testing isolated 

subsystems and then putting them together 

piecewise. This modular principle applies 

to quantum systems as well. Modularity 

is an essential property of certain physi-

cal implementations of quantum systems, 

such as trapped ions ( 2) and superconduct-

ing circuits ( 3), but not, so far, of ultracold 

atoms. Kaufman et al. produce fully con-

trolled, pure quantum states of single, iso-

lated rubidium atoms and then controllably 

bring them close enough together so that 

their quantum mechanical wave functions 

overlap and interfere. In combination with 

other recent advances, this approach opens 

the door to building complex quantum sys-

tems composed of atoms, molecules, and 

nanoscale solid-state systems.

Kaufman et al. start with a cloud of 

many atoms laser-cooled to temperatures 
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within one thousandth of 

a degree of absolute zero. 

Then, a tightly focused 

laser beam acting as an 

optical tweezer forms an 

attractive potential well 

in the center of the atomic 

cloud. Atoms fall into the 

optical tweezer poten-

tial at random; however, 

because of the small vol-

ume of the tweezer, pairs 

of atoms experience an 

energy-boosting molecu-

lar interaction and are 

ejected, resulting in stable 

occupancies of zero or 

one atom only ( 4). By ap-

plying several separately 

focused lasers, multiple 

optical tweezers can be ar-

ranged to hold one atom 

each, with the correct oc-

cupancy verified by actu-

ally observing the atoms 

individually. To prepare a 

truly pure quantum state, 

the atoms are cooled fur-

ther to the absolute mo-

tional ground state of 

their respective optical tweezers. This is 

accomplished using another laser-cooling 

technique known as Raman sideband cool-

ing. Although this technique has long been 

applied to cool single trapped ions ( 5), it 

was only recently applied to individual neu-

tral atoms ( 6,  7).

Once the initial state is prepared, the po-

sitions of the optical tweezers can be rap-

idly adjusted with high precision (see the 

figure). Bringing the two tweezers together 

until they are almost on top of each other 

allows the atoms to tunnel across the bar-

rier, from one tweezer into the other. The 

key idea in the present experiment is that 

two indistinguishable atoms prepared in 

pure quantum mechanical states are sub-

ject to quantum interference effects that 

can produce correlations in their wave func-

tions. In particular, if one atom remains in 

each tweezer after they have been allowed 

to tunnel for some time, it is impossible to 

determine whether neither or both of the 

atoms have switched sides. Therefore, the 

probability of finding one atom on each 

side must be the square of the sum of the 

amplitudes for both pathways. At certain 

times, these amplitudes can cancel each 

other exactly, which means that the atoms 

must be “bunched” on the same side. This 

bunching happens in the absence of any 

interaction between the bosonic particles, 

and was in fact first observed with optical 

photons (which are completely noninter-

acting) by Hong, Ou, and Mandel ( 8). To 

verify that it is interference between in-

distinguishable pathways giving rise to the 

bunching, Kaufmann et al. make the atoms 

distinguishable (by changing the spin state 

or motional state of one of them); the inter-

ference signal then disappears.

This approach of Kaufman et al. opens up 

a new avenue for building complex quan-

tum systems in a controlled way. Although 

similar goals are being pursued in a variety 

of platforms, ranging from ultracold atomic 

gases in optical lattices ( 9) and trapped ions 

( 2) to artificial atomlike defects in solids 

and superconducting quantum circuits ( 3), 

the approach demonstrated by Kaufman 

et al. is complementary to these techniques 

in a way that adds new capabilities. For 

example, it can be more flexible than ex-

periments involving manipulation of entire 

atomic clouds, which typically begin with 

a quantum degenerate gas of tens of thou-

sands of atoms loaded in a uniform periodic 

potential. In comparison to trapped ions, 

larger arrays of neutral atoms can be created 

in a greater variety of geometric configu-

rations and can fully explore the effects of 

quantum statistics. Related techniques have 

recently been used to prepare and manipu-

late systems composed of several fermionic 

atoms ( 10). In such systems, the quantum in-

terference demonstrated 

by Kaufman et al. may 

emerge as a powerful 

probe for complex quan-

tum states of matter ( 11, 

 12). Finally, the indistin-

guishability of atoms and 

ions is so far difficult to 

match, on a large scale, 

with solid-state systems.

The precise position 

control and tight atomic 

localization provided by 

the optical tweezer array 

allows atoms to be posi-

tioned in direct proximity 

to other objects, enabling 

a path toward hybrid 

quantum systems. F o r 

e x a m p l e , p l a c i n g atoms 

near nanoscale solid-state 

s t r u c t u r e s w i t h t i g h t l y 

confined optical, mechan-

ical, or electrical modes 

allows for strong inter-

actions, which typically 

scale inversely with mode 

volume and therefore 

also with the separation 

between the atom and 

the surface ( 13,  14). A quantum interface 

between atoms and solid-state structures 

can be used to create long-range and tun-

able interactions between atoms or to ef-

ficiently map quantum states from atoms 

to photons for transmission over long 

distances, enabling quantum networks. 

Finally, this technique is a promising start-

ing point for cold chemistry. In particular, 

if extended to dissimilar atomic species, it 

may allow for the creation of complex mol-

ecules from individual atoms.          ■
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Trap, then build. (A) Two “optical tweezer” traps are prepared with one atom each and can be rapidly 

repositioned with high precision. (B) If the tweezers are brought very close to each other, the atoms 

can tunnel between them, giving rise to quantum interference effects.
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A 
fundamental challenge facing all in-

stitutions of science, including the 

National Institutes of Health (NIH), 

is whether their structures and dis-

ciplines, inherited from the past, 

continue to reflect the reality of cur-

rent science and the needs of future science. 

Without an explicit process of adaptation 

to changes that often transcend established 

scientific structures and disciplines, the risk 

of missing emerging opportunities grows. 

This is why, 10 years ago, NIH launched an 

approach to the support of science that tran-

scended all Institutes and Centers, known 

as the “NIH Roadmap” ( 1). The 

NIH Director and the Director 

of each of the NIH Institutes 

engaged in a broad priority-setting exercise, 

informed by extramural and intramural NIH 

scientists, public representatives, and leaders 

from other government agencies and the pri-

vate sector. We asked three questions: What 

are today’s most pressing scientific chal-

lenges? What are the roadblocks to progress 

and what must be done to overcome them? 

Which efforts are beyond the mandate of one 

or a few institutes, but are the responsibility 

of NIH as a whole? Each of the initial Road-

map programs that emerged was designed to 

achieve defined goals or transition to other 

sources of support within 10 years. As we 

have reached the 10th anniversary of these 

programs, a look back is in order.

All Institutes and Centers contributed 1% 

of their budgets to a common pool, and cri-

teria were established to prioritize the many 

ideas that came from the consultation ses-

sions; these criteria have changed little dur-

ing the past 10 years (see the first table). 

With the 2006 NIH Reform Act, Congress es-

tablished the NIH Common Fund within the 

Office of the Director, and it was authorized 

as a line item in the NIH budget; in fiscal 

year (FY) 2007, $483 million was appropri-

ated (1.7% of the NIH budget). The Act stipu-

lated that the Fund could not drop to a lower 

percentage, and anticipated a rise to 5%. As 

of 2014, the budget is $531 million (1.8% of 

NIH total appropriation) (see the first figure 

and second table) ( Fig. 1). Fig. 1 

As many of the initial programs conclude 

this year, final outcome assessments have 

not been completed, but regular external 

scientific panel reviews and informal assess-

ments indicate that most of the programs 

have had positive outcomes. The vision-

setting process for the NIH as a whole has 

thus delivered new technologies, research 

tools, experimental approaches, and large 

data sets that are enabling investigator-ini-

tiated research across the NIH. New ways 

of supporting high-risk and high-reward re-

search have been tested. We believe that it 

is unlikely that these goals could have been 

achieved without the Common Fund.

CREATION OF INNOVATIVE TOOLS AND 

TECHNOLOGIES. The lack of adequate tools, 

methods, and technologies is a challenge 

that has been articulated frequently during 

consultations with the research community. 

Although some NIH R01’s support tool and/

or technology development, this type of re-

search fits the transformative, catalytic re-

quirement of Common Fund programs.

Here are a few examples: As a method 

to control neural activity with light, opto-

genetics was developed with support from 

Common Fund “Pioneer” and “New Inno-

vator” Awards to Karl Deisseroth and Ed 

Boyden, respectively. It has revolutionized 

neuroscience by providing the ability to 

characterize neural circuits and offers po-

tential approaches for treatment of neural 

disorders ( 2,  3). Over the past decade, in-

vestigators supported by “Structural Biol-

ogy of Membrane Proteins” have developed 

methods and tools that have contributed 

to an exponentially growing number of eu-

karyotic membrane proteins that have been 

structurally analyzed ( 4). “Patient-Reported 

Outcomes Measurement Information 

System” (“PROMIS”) was designed to en-

able clinicians to obtain reproducible and 

quantitative feedback from patients about 

aspects of their health such as fatigue, anxi-

ety, depression, social participation, and 

well-being. Through advances in informa-

tion technology, psychometrics, and health 

survey research, PROMIS has generated a 

robust computer adaptive testing system 

based on item response theory that is being 
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A mechanism for funding biomedical research at NIH that transcends 
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used to assess treatment efficacy in diverse 

situations ( 5,  6). The emphasis on develop-

ing transformative tools can also be seen in 

the “Knock-Out Mouse Phenotyping” Pro-

gram, which provides broad, standardized 

phenotyping of a genome-wide collection of 

mouse knockouts generated by the Interna-

tional Knockout Mouse Consortium ( 7).

LARGE DATA SETS. The development of 

massive, publicly available data sets is 

perhaps the clearest example of “Com-

mon Fund-able” research: It benefits every 

avenue of biomedical research and would 

be impossible for individual investigators 

to achieve. The Roadmap/Common Fund 

has enabled large, complex data sets, such 

as those related to the human microbi-

ome and the epigenome, to be provided to 

the entire community. End users serve as 

consultants to ensure that computational 

tools are user-friendly and meet commu-

nity needs. Demonstration projects are also 

often included in programs that generate 

large data sets, (i) to provide evidence that 

the data are applicable to a wide spectrum 

of the NIH mission, (ii) to enhance the data 

resource, and (iii) to provide feedback to 

the data developers to increase the utility 

of the program.

ENCOURAGING RISK-TAKING. The “High 

Risk/High Reward” program was estab-

lished in 2004 with the Pioneer Awards, 

which recognize and reward investigators 

who have demonstrated innovation in 

prior work and provide a mechanism for 

them to go in entirely new, high-impact 

research directions. The requirement for 

strong preliminary data in R01 applications 

was felt by many to inhibit creativity and 

innovation. Recently, we commissioned an 

independent evaluation comparing impact 

and innovation achieved through Pioneer, 

R01, and Howard Hughes Medical Institute 

(HHMI) funding ( 8). When controlled for 

funding, the Pioneer awardees, as a group, 

performed comparably to HHMI investiga-

tors, and their research was deemed more 

innovative, with higher impact than R01 

investigators working in similar areas who 

had similar backgrounds and resources. 

The success of the Pioneer awards led to the 

expansion of the High Risk/High Reward 

program to include the “New Innovator,” 

“Early Independence,” and “Transformative 

Research” awards. The Pioneers’ success 

also led to the distinction of the High Risk/

High Reward program as the only Common 

Fund program without an established end 

date; each individual project, however, is 

restricted to 5 years of support. Broader 

implementation of similar programs is be-

ing considered across the NIH.

CHALLENGES FOR THE COMMON FUND 

APPROACH. For the Common Fund to take 

on a steady stream of new projects, it has 

been essential that funded programs be com-

pleted or adopted by other funding sources 

after a certain period of time. One issue that 

has become apparent is that programs that 

work toward broad, long-term goals, rather 

than aiming to achieve a specific set of goals 

in 5 to 10 years, do not align well with the 

directives of the Common Fund. Although 

the broad, stimulatory goals are critical to 

advancing science, if an end point—a de-

liverable—is not envisioned in advance, it 

becomes difficult to assess impact. Contin-

ued funding to achieve the long-term goals 

may also be problematic for investigators to 

secure.

The “Interdisciplinary Research” program 

included an emphasis on recognizing and re-

warding team-led science, and it contributed 

to the development of the multiple–Princi-

pal Investigator policy at the NIH. Although 

an evaluation of the program indicated that 

the emphasis that the program placed on in-

terdisciplinary research did have an impact 

on barriers to team science at research in-

stitutions ( 9) and that valuable research was 

conducted, the success in establishing new 

inter-disciplines is difficult to assess. Indi-

vidual consortia and training programs that 

were launched ultimately faced a substantial 

challenge in continuation. As large, investi-

gator-initiated projects that crossed bound-

aries of several NIH Institutes and Centers, 

they did not fit easily within the traditional 

funding schemes of the NIH. The research 

was ultimately pursued via smaller awards, 

but the synergies of interdisciplinary teams 

working together were likely compromised.

With this lesson in hand, new Common 

Fund programs continue to support inter-

disciplinary teams, but specific, short-term 

goals for the teams are articulated. Continu-

ation of the science happens via uptake and 

use of the Common Fund deliverables rather 

than sustained funding for the specific proj-

ects initiated by the Common Fund.

Sustainability of infrastructure also proved 

to be a challenge. Although future support of 

some of the infrastructure was built into the 

design of the program ( 10), the sustainability 

of other programs was to be determined by 

requirements at the time of transition. For 

example, the Roadmap “Molecular Librar-

ies” program, aimed to provide pharma-

ceutical-quality small-molecule screening 

capacity to academic investigators, enabling 

them to develop screening assays for diverse 

cellular functions and to put screening data 

into publicly accessible databanks with com-

putational tools to enable wide use. The 

team of investigators, external consultants, 

and NIH staff who contributed to the man-

agement of this program established a con-

sortium through which innovation in assay 

development, screening, and computational 

methods is combined. Although the core in-

frastructure continues to evolve within the 

National Center for Advancing Translational 

Sciences, the need for an integrated network 

of centers dissipated as additional screen-

ing facilities were developed by institutions 

across the country. Transition from central 

management and funding to decentralized 

partnerships between screening facilities 

and assay providers presented challenges. 

Today, we emphasize sustainability from the 

outset and work with awardees to establish 

a plan for the future.

The “National Centers for Biomedical 

Computing” (NCBCs) program aimed to 

develop software and data management 

tools to facilitate computational analysis of 

diverse biological problems. Each Center 

was established to tackle a core set of com-

putational challenges but also collaborated 

with a series of partners. Although Centers 

interacted to develop training opportunities, 

the computational approaches developed 

through the program were largely developed 

by individual Centers. In an internal review 

of this program, it was recognized that, de-

spite the many successes of the NCBC pro-

gram ( 11), tighter coordination between 

projects—with increased expert and user 

 

Characteristics of Common Fund programs

Transformative: Must have high potential to dramatically afect biomedical and/or 
behavioral research over the next decade

Catalytic: Must achieve a defned set of high-impact goals within 5 to 10 years

Synergistic: Outcomes must synergistically promote and advance individual missions of 
NIH Institutes and Centers 

Cross-cutting: Program areas must cut across missions of multiple NIH Institutes and 
Centers, be relevant to multiple diseases or conditions, and be sufciently complex to 
require a coordinated, trans-NIH approach

Unique: Must be something no other entity is likely or able to do
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feedback obtained on a regu-

lar basis—would be necessary 

as the program moves for-

ward. That experience is now 

being used to inform plans for 

the “Big Data to Knowledge” 

(“BD2K”) initiative.

The scientific accomplish-

ments of the Roadmap/Com-

mon Fund have required 

unprecedented levels of co-

ordination and collaboration 

among the leadership and staff 

across the NIH. Although we 

have had anecdotal feedback 

that this effort has enabled 

the success of the programs 

and has worked well, we have 

engaged the NIH Council of 

Councils to evaluate the plan-

ning and management pro-

cesses used for the Common 

Fund. Their final report is ex-

pected later this month.

LOOKING FORWARD. As ma-

ture programs come to a close, 

we have the opportunity to 

address new, emerging chal-

lenges and opportunities. We 

reserve ~30% of the Common 

Fund for the investigator-initi-

ated, High Risk/High Reward 

initiatives, but otherwise, the 

definition and scope of new 

program areas are determined 

by the challenges and oppor-

tunities that emerge through 

strategic planning activities 

each year. Community input 

continues to be fundamental 

to the process.

We use both virtual and in-

person approaches to reach 

out to the entire community. 

One lesson learned through 

these discussions is that, although it is easy 

to identify research challenges and excit-

ing new areas, it is more difficult to iden-

tify those where recent advances—perhaps 

in unrelated fields—create an opportunity 

to overcome the challenges within 5 to 

10 years and where a coordinated, goal-

driven, trans-NIH approach is required. As 

a result, we have launched new programs 

that build on lessons learned from the 

earlier programs. New paradigms for in-

tercellular control of gene expression and 

cellular function may emerge from the “Ex-

tracellular RNA” program. New methods 

and models for clinical research partner-

ships between academic centers and health 

care providers are being developed by the 

“Health Care Systems Collaboratory” pro-

gram. More recently, we have established 

plans to launch the “4D Nucleome.” A “Gly-

coscience” program to develop methods to 

simplify the functional analysis of glycans 

in diverse contexts is also under way.

The Common Fund also continues to 

develop new ways to enhance innovation 

and support the workforce by developing 

and testing novel methods for training and 

mentoring young scientists and for sup-

porting early career stages. One new pro-

gram is beginning with the recognition that 

the NIH mission requires participation of 

scientists from all sectors of our popula-

tion, yet measures to diversify the biomedi-

cal workforce have not yielded the desired 

outcomes. Emerging opportunities from 

social science research provide the basis for 

the Common Fund’s “Enhancing Diversity 

of the NIH-Funded Workforce” program: 

Understanding the factors that contribute 

to decisions by students from underrepre-

sented groups to leave biomedical research 

career paths provides the opportunity to 

develop and test new training and mentor-

ing methods.

CONCLUSION. Although investigator-ini-

tiated research funded through individual 

Institutes and Centers remains the life-

blood of the NIH, the Roadmap/Common 

Fund has established a tradition of bring-

ing the biomedical research community 

together for coordinated, transdisciplinary 

collaboration when such effort is required. 

Although not every program has been com-

pletely successful, the synergies created by 

the Common Fund are inspiring, and the 

catalytic nature of these programs ensures 

that their impact will continue to grow.          ■
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          I 
arrived in Basel, Switzerland, in 1982 

wearing sunglasses and a Hawaiian 

print shirt and was nervous about my 

first encounter with Walter Gehring. He 

was stern and serious and strangely un-

moved by the neurotic Jewish humor of 

a lowly rookie postdoc. As a prank, I used 

a charcoal-activated straw to drink the tap 

water. Walter was not amused. This antipa-

thy turned to near rage when he found the 

butt of my brand of cigarette inside the 

eyepiece of his coveted Zeiss microscope (I 

think I was framed). So, it is fair to say that 

Walter and I were oil and water, but it is 

nonetheless my privilege to write this me-

morial on the sad occasion of his untimely 

death on 29 May following a traffic accident 

in Greece.

Walter studied zoology at the University 

of Zurich where he received his Ph.D. in 

1965. He trained in the laboratory of the 

great developmental geneticist Ernst Ha-

dorn where he worked on the development 

of antennae in the fruit fly Drosophila and 

distinguished himself as a brash scientific 

talent. The Hadorn lab studied transde-

termination of Drosophila imaginal discs, 

a process whereby disc cells can undergo 

wholesale changes in identity to produce a 

different adult appendage. The lab featured 

a star-studded cast of future fly immor-

tals that also included geneticists Antonio 

Garcia-Bellido and Gerold Schubiger (who 

sadly died in 2012). Hadorn himself had 

trained with Fritz Baltzer and Curt Stern, 

and thereby represented a rare fusion of 

classical genetics and experimental devel-

opmental biology.

Walter went on to conduct postdoctoral 

research at Yale University with my Ph.D. 

advisor, Alan Garen, one of the pioneers of 

bacterial molecular genetics and an early 

practitioner of Drosophila molecular biol-

ogy. Between his Ph.D. and postdoctoral 

training, Walter obtained a broad exposure 

to molecular genetics and classical devel-

opmental biology. His keen sense for inter-

esting developmental processes positioned 

Walter on the fast track of discovery. As a 

postdoc, he and Lily Chan (a graduate stu-

dent in the Garen lab) obtained evidence 

that the fate map of the adult fruit fly was 

already established in the early embryo. 

His obvious abilities led to rapid advance-

ment to an independent faculty position 

at the Yale Medical School in 1969. Walter 

recruited future Nobelist Eric Wieschaus as 

his first graduate student, and hence began 

the long string of talented scientists who 

trained in the Gehring lab over a span of 

about 40 years.

After a few years, Walter moved from 

Yale to the University of Basel at the newly 

established Biozentrum. In the late 1970s to 

early 1980s, his lab was among the first to 

combine the emerging tools of molecular 

biology with classical Drosophila genetics 

to isolate and characterize genes such as 

Antennapedia, which promotes the forma-

tion of legs and suppresses the develop-

ment of antennae in the thorax. During the 

1980s and 1990s, the Gehring lab produced 

a dizzying array of discoveries: the homeo-

box, a 180–base pair sequence that encodes 

a DNA binding domain regulating a variety 

of developmental processes; the enhancer 

trap, a valuable technique in molecular 

biology for identifying tissue-specific regu-

latory sequences (enhancers) that control 

gene expression; and eyeless (encoded by 

PAX6 in human), a key regulatory gene for 

eye development whose misexpression dra-

matically induces fly eyes to grow on wings, 

legs, and antennae.

Walter was a naturalist at heart. He was 

a bird watcher and amateur marine biolo-

gist. He quoted Darwin and recognized the 

implications of his research in the broad 

context of evolution. Perhaps his great-

est talent was his intuitive sense 

for interesting research problems, 

combined with a remarkable abil-

ity to explain the most complex data 

sets as a simple story with a clear 

punch line. These syntheses were 

often accompanied by fanciful em-

bellishments, but in the process he 

unlocked the mysteries of highly 

specialized information and ren-

dered them plain and accessible to 

everyone. It is largely due to these 

efforts that the homeobox is widely 

known and taught in biology classes 

around the world. Walter’s talents 

won him many awards, including 

the Kyoto Prize for Basic Science 

(2000) and the Balzan Prize for De-

velopmental Biology (2002). He was 

elected a foreign member of the U.S. 

National Academy of Sciences and 

the Royal Society of London.

An amazing group of students 

and postdocs was attracted to the 

Gehring lab over the years: Eric Wieschaus 

(Nobelist), Christianne Nüsslein-Volhard 

(Nobelist), David Ish-Horowicz, Spyros Ar-

tavanis-Tsakonas, Paul Schedl, Alex Schier, 

Georg Halder, Hugo Bellen, and Markus Af-

folter, to mention just a few. I worked closely 

with two of my future lifelong friends and 

colleagues: Ernst Hafen and Bill McGinnis. 

The lab was an absolute blast, but a strange 

mix of anarchy and oppression. Walter 

permitted considerable independence, but 

was hardly laissez-faire. He could be con-

frontational, and did not hesitate to call us 

out (particularly me) when he felt we were 

misbehaving.

I found Walter to be a complicated char-

acter. He had the mannerisms of an au-

thoritative Herr Doktor Professor, but was 

also folksy and unaffected and always ready 

to laugh and joke. He sometimes felt com-

petitive with his students and postdocs, but 

was also highly supportive and proud of 

our independent careers. In short, I believe 

the key to Walter’s success was his yin and 

yang embodiment of old-world scholar and 

modern competitive scientist. He was able 

to exude charm and empathy, but nothing 

we did seemed to be quite good enough. In 

other words, tough love, possibly the per-

fect prescription for eliciting the very best 

efforts from his students and postdocs.          ■
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A brief reflection on the life and lab of a preeminent 
developmental biologist
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Partnering with Cuba: 
Weather extremes
WE SUPPORT THE RECENT Editorial on 

“Science diplomacy with Cuba” (G. R. Fink, 

A. I. Leshner, V. C. Turekian, 6 June, p. 

1065). Many groups in the United States 

seek greater cooperation with Cuba in 

the earth sciences. Similar to the disease 

mitigation discussed in the Editorial, there 

is a long history of scientific advances that 

could save lives and reduce losses with 

greater cooperation. 

Cuban scientists did forecast the severity 

of the 1900 Galveston hurricane and could 

have helped the nascent U.S. Weather 

Bureau in Galveston mitigate fatalities and 

losses (1). More recently, after the devas-

tating 2010 Mw7.0 Haiti earthquake, the 

National Science Foundation supported 

the development of the Continuously 

Operating Caribbean Global Positioning 

System (GPS) Observational Network 

(COCONet) (2), a GPS and meteorological 

network in the circum-Caribbean designed 

to help understand tectonic and weather 

extremes in a complex geologic and 

atmospheric region. Partially facilitated by 

a previous AAAS delegation visit to Cuba 

in December 2011, a new GPS station was 

recently installed in Camagüey, Cuba, and 

is a critical component of COCONet. More 

broadly, COCONet involves more than 38 

nations and everyone benefits from inter-

national cooperation and diplomacy that 

revolve around research, education, and 

broader impacts such as risk resiliency and 

enhancing the quality of life. 

We encourage easing restrictions so that 

government science agencies may cooper-

ate more fully on science and education. 

For example, the Cuban Meteorological 

Institute, Cuban Nuclear Agency, the 

National Seismological Center, and the 

Astronomical and Geophysical Institute 

could then cooperate with their U.S. coun-

terparts on natural hazards research.
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Partnering with Cuba: 
Earthquake hazards
THE 6 JUNE EDITORIAL BY G. R. Fink, 

A. I. Leshner, and V. C. Turekian advocates 

“Science diplomacy with Cuba” (p. 1065). 

I agree. Both countries could benefit from 

a joint evaluation of earthquake hazards in 

southeastern Cuba.  

The cities of Santiago de Cuba and 

Guantánamo, including the U.S. base and 

prison, are close to the offshore, seismi-

cally active Oriente plate-boundary fault 

(1), but the earthquake danger from this 

fault has not been studied. The fault 

occupies the narrow Oriente Deep (1, 

2) and skims the northern boundary of 

Haiti into the Dominican Republic, where 

paleoseismic analysis of the Septentrional 

fault shows evidence of earthquakes and 

a slip rate of 6 to 12 mm/year (3). This is 

about half of the total slip rate between the 

North American and Caribbean plates and 

serves as a proxy for the slip rate estimated 

for the Oriente fault off the coast of Cuba.  

No historical earthquake has ruptured the 

Oriente fault, indicating that the fault may 

be in a seismic gap. The United States has 

the expertise to help Cuba respond to its 

earthquake hazard by upgrading their seis-

mic and global positioning system (GPS) 

networks, conducting paleoseismic studies 

along the coast to learn the earthquake 

history of the Oriente fault, and upgrad-

ing buildings at risk from an Oriente fault 

earthquake.

Robert S. Yeats
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Delisted whales good 
news for pipeline
ON EARTH DAY (22 APRIL), the Canadian 

government removed the North Pacific 

humpback whale, which lives off British 

Columbia’s coast, from the list of threatened 

species (1, 2). The delisting was based on 

sound scientific advice by the Committee 

on the Status of Endangered Wildlife in 

Canada (COSEWIC) (3, 4), but the down-

grading from threatened to a species of 

special concern occurred just before the fed-

eral decision to approve the development of 

the Enbridge’s Northern Gateway pipeline 

mega-project in the humpbacks’ habitat in 

the summer of 2014 (1, 2, 5). The delisting 

from threatened status raised concerns 

among environmental groups (4, 5), who 

viewed it as a fast-tracked political deci-

sion driven by economic factors (1, 2). The 

decision has implications for the whales’ 

critical habitat, which does not have to be 

protected once the species is downlisted, 

and questions linger about whether whale 
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use of the habitat, an impediment for the 

Enbridge’s project and maritime traffic of 

oil tankers, was suitably assessed (5). 

After being decimated off British 

Columbia’s coast by commercial whaling 

from the early 1900s to mid-1960s, the 

current North Pacific humpback whale 

population has bounced back to approxi-

mately 18,000 adult individuals (6–8). 

However, the local population using British 

Columbia’s coastal waters as feeding and 

migrating grounds is still small (2145 

whales) relative to the estimated pre-

whaling levels (about 4000 whales), and 

the whales face increasing anthropogenic 

impacts, including vessel strikes, under-

water noise, oil spills, and prey reduction 

(3, 7–9). Because of the small popula-

tion size and threats to its habitat in this 

region, British Columbia humpbacks 

should be designated as a special manage-

ment unit. This management unit should 

be defined in the context of risk manage-

ment in a given region and season, which 

may or may not be equivalent to a single 

biological stock, and it should aim to avoid 

local extirpations and imply that local 

depletion will recover to healthy levels on 

a management time scale (10).

On 17 June 2014, the Enbridge’s project 

was approved by Canada’s Prime Minister 

(11). If this project proceeds, these whales 

will be exposed to increased risk from 

tanker traffic and oil spills. The Canadian 

government should stand by its responsibil-

ity to preserve marine mammals and their 

habitats.
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A
t midnight I survey the scene. 

On the far end of the room, a 

levitating train makes circles by 

a whale exhibit, demonstrating 

exciting applications of supercon-

ductors. As it passes, nearby spectators 

in dinosaur pajamas learn about water 

bears. To my right, several adults giggle 

as they practice using hula hoops to 

demonstrate hypothesis-driven science. 

To my left, on the other end 

of the room, a woman in 

jeans holds a knife over a 

human brain, preparing to 

make a slice through the 

hippocampus. Throughout 

the room, speakers in red 

shirts are enthusiastically 

demonstrating science.

Science often requires 

lab work long after sunset, 

but tonight we’ve left the 

lab and our ivory tower 

behind and brought our 

most exciting research 

with us. Since 2011, the 

California Academy of 

Sciences has held Penguins 

and Pajamas Sleepover for grown-ups, 

an annual event in which the regular 

museum exhibits are open to the public 

overnight. This year, it became a public 

venue for science after sunset as I, 

along with Mary Cavanagh, invited 40 

Stanford postdocs to don red shirts and 

bring interactive demonstrations of 

their current research to share (1, 2). 

Our visitors seemed tentative at 

first, looking at the myriad exhibits 

but reluctant to approach us. We broke 

the ice by starting conversations, and 

suddenly everyone was visibly engaged 

in the cutting-edge science taking place 

right around the corner. Some people 

were interested in brain function and 

peppered Viola Caretti with questions. 

Others wanted to know more about 

magnetism and superconductivity 

from Stefano Bonetti. A bar provided 

guests with drinks under the projec-

tion of artistic science images curated 

by Ermelinda Porpiglia, and late at 

night guests could find a unique place 

to sleep next to live penguins or by the 

light of glowing jellyfish. 

At first light, the crowd dispersed 

and the postdocs packed up their mate-

rials and went home. In the months 

since that night, Stanford postdocs 

have continued to perform their 

science at museum events, satisfied 

in knowing they can make science 

come alive. 
Antoine de Morrée

Stanford School of Medicine, Stanford 
University Postdoctoral Association, Stanford, 

CA 94305, USA. 
E-mail: demorree@stanford.edu
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A night at the museum

Stefano Bonetti pours liquid nitrogen to cool a superconductor 

for a levitating train experiment.
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RESEARCH
Trapping can reveal the quantum 
state of a single qubit
Nigg et al. p. 302

QUANTUM MECHANICS

Bosons of a feather 
flit together 
Bosons are a type of particle 

that likes to congregate. This 

property has a major effect on 

the behavior of identical bosons. 

Kaufman et al. demonstrated 

quantum interference of two 

bosonic Rb atoms placed in two 

neighboring quantum wells (see 

the Perspective by Thompson 

and Lukin). They prepared the 

atoms in exactly the same state 

so that there would be no way to 

tell them apart except for which 

well each atom was in. They 

then monitored the probability 

of the two atoms still being 

in separate wells. At certain 

times, the probability had a 

characteristic dip signifying that 

the bosons preferred to be in the 

same well. — JS

Science, this issue p. 306; 
see also p. 272

GENE THERAPY 

Reprogrammed heart 
cells set the pace
Pacemakers have revolutionized 

the care of patients with slow 

or abnormal heart rhythms, 

but these devices can break or 

become infected. With these 

patients in mind, Hu et al. 

created biological pacemak-

ers to provide temporary, 

hardware-free support until 

a damaged electronic device 

can be replaced. They inserted 

a gene for a human transcrip-

tion factor into heart muscle 

cells. This gene reprogrammed 

the cells to become pacemak-

ers—cells that emit rhythmic 

electrical impulses to drive the 

beating heart. These biological 

pacemaker cells restored 

normal heart rate in pigs with 

complete heart block—a prob-

lem with the heart’s electrical 

system. — MLF 

Sci. Transl. Med. 6, 245ra94 (2014).

 PHOTOVOLTAICS

Improved perovskite 
photovoltaic performance 
A recent entry in the solar cell 

race is perovskite cells, named 

for the structure adopted by salt 

made from metal halides and 

organic cations that absorb the 

light and generate charges. The 

charges generated have to be 

transferred to a metal oxide (typi-

cally titanium oxide), and some of 

these charge carriers are lost in 

the transfer. Mei et al. made this 

process more efficient by grow-

ing a more crystalline perovskite 

with fewer defects inside 

porous versions of titanium and 

zirconium oxide. They added a 

second organic cation that stuck 

to the pore walls and directed 

the growth of the perovskite 

crystals.  The improved solar cells 

ASSOCIATIVE LEARNING

How the worm changes its tastes 

I
n associative learning, you link potentially unrelated things 

because you are exposed to them at the same time.  Ohno 

et al. studied a simple associative learning task in the 

nematode worm Caenorhabditis elegans. They presented 

the worms with a taste substance while withholding food. 

After starving in the presence of the taste substance, the 

animals switched their behavior from being attracted to the 

taste to finding it aversive. A specific isoform of the insulin 

receptor is critical for this type of associative learning—at 

least in worms. — PRS

Science, this issue p. 313
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Nematode worm, 

Caenorhabditis elegans

 Cross section of perovskite solar cell
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operated for more than 1000 

hours under full sunlight. — PDS

Science, this issue p. 295

PALEOCEANOGRAPHY

Circulating between 
different cycles 
Around a million years ago, 

large-scale ocean circulation 

changed dramatically during 

the switch from ~41,000- to 

~100,000-year long glacial 

cycles. Pena and Goldstein ana-

lyzed the isotopic composition 

of neodymium in marine sedi-

ments from the South Atlantic. 

The results suggest how the 

contributions of deep water from 

northern and southern sources 

varied across the transition. The 

boundary between the two gla-

cial states appears to have been 

marked by a dramatic weaken-

ing, perhaps even a shutdown, of 

deep-water currents. — HJS

Science, this issue p. 318

FOOD SECURITY

How to optimize global 
food production
Keeping societies stable and 

managing Earth’s resources 

sustainably depend on doing 

a good, steady job producing 

and distributing food. West et 

al. asked what combinations of 

crops and regions offer the best 

chance of progress. Their analysis 

focused on reducing greenhouse 

gas emissions, nutrient pollution, 

water use, and food waste. They 

identify regions that are likely to 

yield the best balance between 

applying fertilizer to increase 

crop yields versus the resulting 

environmental impact. — AMS

Science, this issue p. 325

ALTERNATIVE SPLICING

Evolving from an enzyme 
and into a regulator
Proteins, the work-horses of 

the cell, are made on a mes-

senger RNA (mRNA) template. 

An enzyme called aminoacyl 

tRNA synthetases (AARSs) 

attaches the correct amino acid 

to a transfer RNA so that mRNA 

Edited by Kristen Mueller 

and Jesse Smith
IN OTHER JOURNALS

CELL NUCLEUS

Packaging DNA for 
a better nucleus
 Nuclear pores oversee the 

movement of proteins, DNA, 

and RNA across the nuclear 

membrane between the nucleus 

and cytoplasm—an essential 

duty for proper cell function and 

survival. Two studies now report 

that for these pores to form, the 

cell requires nucleosomes, short 

lengths of DNA wrapped around 

a protein core that package 

chromosomes into the nucleus. 

is accurately translated. Over 

evolution, additional sequences 

have been added to AARSs. 

Lo et al. found a large number 

of AARS variants in which the 

domain responsible for enzyme 

function was deleted. Ninety-

four such variants had diverse 

signaling activities. Thus, AARSs 

are used both as enzymes and 

alternately as regulators of 

signaling pathways. — VV

Science, this issue p. 328

MITOSIS

Taking a check on 
chromosome spacing
Animal cells divide by mito-

sis. Chromosomes become 

condensed and congregate on 

the mitotic spindle in the center 

of the cell—the midzone.  The 

spindle then separates sister 

chromosomes, pulling them to 

opposite ends of the cell, ready to 

form new daughter nuclei. Afonso 

et al. now show that chromo-

some separation is monitored by 

the level of midzone-associated 

Aurora B kinase activity (see 

the Perspective by Hadders and 

Lens). This process ensures that 

daughter nuclei only reassemble 

after sister chromosomes have 

successfully separated. — SMH

Science, this issue p. 322; 
see also p. 265

SYNTHETIC BIOLOGY

Turning cells into 
garbage collectors
To protect other cells or tissue 

from injury, professional garbage-

collecting cells called phagocytes 

gobble up dead cells. Sometimes 

phagocytes become over-

whelmed and could use some 

help. Onuma et al. manipulated 

nonphagocytic cells to express 

two proteins: one that recognizes 

a lipid that marks the surface 

of dying cells and another that 

alters the plasma membrane to 

make the cell phagocytic. The 

engineered cells bound to and 

consumed dying cells. Such 

engineered cells could potentially 

be used to help the body remove 

undesirable targets. — JFF

Sci. Signal. 7, rs4 (2014).

SPECIATION

Putting the genetic breaks on breeding 

S
everal genetic barriers prevent species from interbreed-

ing. For instance, when two different species mate, 

their offspring are often infertile. Identifying the genetic 

causes of this hybrid sterility provides insight into how 

species evolve genetically. Zanders et al. examined two 

closely related yeast species, which share 99.5% of their DNA 

sequence. They found that crosses between the species could 

not produce fertile offspring because of meiotic drive loci, 

genetic elements that are preferentially transmitted to the 

offspring within a species. The three DNA sites, which were 

present in one of the species, blocked the hybrid from devel-

oping spores that contained chromosomes from the other 

species. This study highlights how quickly barriers to fertility 

can arise between two closely related species. — LMZ

eLife 10.7554/eLife.02630.001 (2014).

Mules: An example of 

hybrid sterility in action
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Inoue and Zhang and Zierhut 

et al. use either mouse zygotes 

or frog (Xenopus) egg extracts 

to show that nucleosomes bind 

to and recruit the nuclear pore 

protein ELYS (embryonic large 

molecule derived from yolk sac) 

to DNA,  driving the initial steps 

of nuclear pore assembly. In this 

way, cells might ensure that a 

functional nucleus only forms 

around properly packaged chro-

mosomes. — GR 

Nat. Struct. Mol. Biol. 10.1038/nsmb.
2839; 10.1038/nsmb.2845 (2014).

ATMOSPHERIC SCIENCE

Looking for signs 
of ozone recovery
How effective is the Montreal 

Protocol, the international 

treaty aimed at protecting the 

stratospheric ozone layer? 

Since the treaty was adopted 

in 1989, manufacturers have 

gradually stopped produc-

ing  numerous chemicals that 

deplete ozone. Scientists have 

predicted that ozone will recover 

as a result. Coldewey-Egbers 

et al. use an extensive data set 

to test whether recovery can 

be detected yet. They conclude 

that in mid-latitudes, at least five 

more years of data are needed 

to unequivocally detect signs of 

recovery, because natural vari-

ability masks the ozone recovery. 

At lower latitudes, where the 

trend in ozone concentration is 

smaller, even more data will be 

needed. — JFU

Geophys. Res. Lett.
10.1002/2014GL060212 (2014).

PHYSICS

A copper oxide’s 
electronic structure
Physicists still do not under-

stand why some copper-oxide 

compounds become super-

conducting at relatively high 

temperatures. Even more basic 

issues have remained con-

troversial as well, such as the 

electronic structure of the nor-

mal (i.e., nonsuperconducting) 

state from which superconduc-

tivity emerges. Sebastian et al. 

chose YBa
2
Cu

3
O

6.56 
 as a good 

representative of a subclass of 

these compounds and used high 

magnetic fields to suppress its 

superconductivity and reach 

its normal state. They analyzed 

the wiggles of the electrical 

resistivity to map out the shape 

of the so-called Fermi surface, 

which separates the quantum 

states filled with electrons 

from the empty ones. They 

found an undulating shape that 

suggested that the electronic 

structure was organized differ-

ently from what one expects 

based on the crystal lattice 

structure alone. — JS

Nature 10.1038/nature13326 (2014).

CIRCADIAN RHYTHMS

Tick tock, synchronizing 
biological clocks 
Studies of coupled oscillators 

started in the 1600s, when the 

man who invented the pendu-

lum clock set a pair of clocks 

side by side in a single case and 

noticed that they started ticking 

in unison. In mammalian cells, 

the machinery that controls the 

cell division cycle turns out to 

be similarly synchronized with 

the daily circadian clock, which 

allows cells to get on the same 

seasonal and day-night sched-

ules. Feillet et al. imaged single 

live mammalian cells in culture 

and performed mathematical 

modeling. They showed that the 

daily circadian clock and the cell 

division cycle oscillate together 

at the same frequency. This may 

have clinical relevance: Circadian 

disruption is a risk factor for 

some cancers. — LBR 

Proc. Natl. Acad. Sci. U.S.A. 10.1073
pnas.1320474111 (2014).

CLIMATE CHANGE

Measuring sea ice 
through thick and thin
Sea ice in the Arctic’s Fram 

Straight is only half as thick as it 

was a decade ago, Renner and 

colleagues report. Measuring 

ice both at the surface and from 

the air with an instrument towed 

below a helicopter, they found 

that the ice in that region thinned 

by more than 50% between 2003 

and 2012. The patterns of vari-

ability that they see most likely 

are caused by thinning occurring 

more broadly across the Arctic, 

rather than being just a regional 

effect. These observations are 

consistent with the contempo-

raneous reduction of the area 

covered by sea ice that has 

occurred in the Arctic and should 

help provide a better understand-

ing of both the magnitude and the 

causes of the loss. — HJS

Geophys. Res. Lett.
10.1002/2014GL060369 (2014).

GUT MOTILITY

Macrophages help food move through

F
ood needs a complex array of cellular interactions 

to move through the body. Neurons, muscle cells, 

and interstitial cells all cooperate to ease it through 

the gastrointestinal (GI) tract. Now Muller et al. 

report intestinal muscularis macrophages, a type of 

immune cell that resides in the smooth muscles that sur-

round the GI tract, participate, too. These macrophages 

secrete a substance called bone morphogenetic protein 2 

(BMP2), which binds to enteric neurons and directs them 

to coordinate the muscle cell contractions that squeeze 

food through. The neurons, in turn, produce a growth fac-

tor required by the macrophages. Macrophage-neuron 

crosstalk is essential: When mice don’t have enough of 

the growth factor, BMP2, or muscularis macrophages, 

they have defects in gut muscle contractions. — KLM 

Cell 10.1016/j.cell.2014.04.050 (2014).

Muscularis macrophages (green) 

on nerve fibers (red)

Superconducting 

copper-oxide 

electronic structure
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ORGANOID GENERATION 

The making of bodies 
part by part
Mention of organoids—organ-

like structure growing in a Petri 

dish—might conjure up images 

of science fiction. However, 

the generation of organoids is 

very real, as is the increased 

understanding of organ form 

and function that comes from 

studying them. Lancaster and 

Knoblich review organoids as 

structures that include more 

than one cell type of an organ 

that exhibit structural and 

functional features of the natural 

counterpart. Knowledge of 

normal organ developmental 

pathways guides the formation 

of these structures.  Organoids 

show great promise for modeling 

human development and disease 

and for biomedical research and 

regenerative medicine. — BAP

Science, this issue p. 283

ASYMMETRIC CATALYSIS

Iodine blooms as 
an oxidation catalyst
Most catalysts for organic 

oxidation chemistry—whether 

biochemical or artificial—con-

tain a transition metal like iron 

or palladium. Uyanik et al. now 

show that iodine can take the 

place of a metal in catalyzing 

efficient oxidative ring closures 

to make chromans—hexagonal 

rings incorporating oxygen that 

are perhaps best known as a 

constituent of the vitamin E 

structure (see the Perspective 

by Nachtsheim). The iodine is 

added as a salt with a chiral cat-

ion, which directs the reaction 

to form just one of two possible 

mirror-image variants of the 

product. Key to the success of 

the system was the addition of 

a base, which maintained the 

viability of an unstable, partially 

oxidized iodine intermediate 

critical to the reaction cycle. 

The results bode well for more 

general use of iodine salts as 

asymmetric oxidation-reduction 

catalysts. — JSY

Science, this issue p. 291; 
see also p. 270

ULTRAFAST DYNAMICS

Tightly tracking 
charge migration 
Electron transfer dynamics 

underlie many chemical and 

biochemical reactions. Erk et al. 

examined the charge migration 

between individual carbon and 

iodine atoms during dissociation 

of iodomethane (ICH
3
) mol-

ecules (see the Perspective by 

Pratt). After initiating scission 

of the C-I bond with a relatively 

low-energy laser pulse, they 

introduced a higher-energy x-ray 

pulse to instigate ionization and 

charge migration. Delaying the 

arrival time of the x-ray pulse 

effectively varied the separation 

distance being probed as the 

fragments steadily drifted apart. 

The experimental approach 

should also prove useful for 

future studies of charge transfer 

dynamics in different molecular 

or solid-state systems. — JSY

Science, this issue p. 288; 
see also p. 267

APPLIED OPTICS

Extending the range 
of planar optics
To build miniature optical 

devices, scientists are using 

silicon to replace bulky three-

dimensional devices with flat 

versions. A patterned surface 

consisting of dense arrays 

of nanoscale silicon strips, 

which act as antennae, can be 

designed to work as transpar-

ent optical devices for the 

manipulation of light. Lin et al. 

used their versatile patterning 

technique to create a suite of 

planar optical elements. By pat-

terning a 100-nm layer of silicon 

into a dense arrangement of 

nano-antennae, they were able 

to fabricate gratings, lenses, and 

axicons—a device that can add 

a shape to a propagating light 

beam. — ISO

Science, this issue p. 298

QUANTUM COMPUTING

Fault-tolerant 
quantum computing
Quantum states can be delicate. 

Attempts to process and manipu-

late quantum states can destroy 

the encoded information. Nigg et 

al. encoded the quantum state 

of a single qubit (in this case, 

a trapped ion) over the global 

properties of a series of trapped 

ions. These so-called stabilizers 

protected the information against 

noise sources that can degrade 

the single qubit. The protocol 

provides a route to fault-tolerant 

quantum computing. – ISO

Science, this issue p. 302

OPTICAL METROLOGY

A more simple route 
to metrology standards
The time standards set by 

atomic clocks are usually the 

domain of national metrology 

laboratories. Li et al. modulated 

the phase of two closely spaced 

laser lines to generate a comb 

of stable and equally spaced 

frequencies. They then used 

that comb to generate stable 

microwaves. Being somewhat 

simpler than existing optical 

comb generation techniques and 

also tunable, the approach may 

offer a new era of metrology and 

precision timekeeping. — ISO

Science, this issue p. 309

OCEANOGRAPHY  

Spinning up ocean 
circulation discretely 
Ocean eddies with diameters of 

tens to hundreds of kilometers 

are an important component of 

water transport on a global scale. 

Averaged over periods of many 

years, ocean circulation is regu-

lar and coherent enough to have 

been described as a conveyor 

belt. However, over shorter time 

scales, irregular, discrete events 

cause significant amounts of 

water movement—termed 

mesoscale eddies. Zhang et al. 

combined data from thousands 

of autonomous observational 

devices called ARGO floats with 

satellite data. The mesoscale 

eddies moved around as much 

ocean water as wind or deep- 

water currents. — HJS

Science, this issue p. 322

MOLECULAR MOTORS

How dynein makes 
the right moves
The molecular motor cyto-

plasmic dynein moves a wide 

range of different intracellular 

cargoes. Dynein’s activity in 

vivo requires another protein, 

dynactin, but exactly why that 

should be has been very unclear. 

Although in vitro experiments 

have provided some evidence 

that dynactin increases dynein’s 

processivity, the resulting dynein 

motility has never come close 

to matching dynein’s cargo-

transporting activity in living 

cells. Now, McKenney et al. 

show that tripartite complexes 

of dynein, dynactin, and an 

adaptor molecule are highly 

processive in vitro, moving the 

sort of distances that dynein 

transports cargo in vivo (see the 

Perspective by Allan). — SMH

Science, this issue p. 337; 

see also p. 271
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BACKGROUND: Because 

of their differentiation 

potential, pluripotent 

stem cells can gener-

ate virtually any cell 

type and, as such, can 

be used to model de-

velopment and disease 

and even hold the promise of providing 

cell-replacement therapies. Recently, struc-

tures resembling whole organs, termed or-

ganoids, have been generated from stem 

cells through the development of three-

dimensional culture systems. 

Organoids are derived from pluripotent 

stem cells or isolated organ progenitors 

that differentiate to form an organlike 

tissue exhibiting multiple cell types that 

self-organize to form a structure not unlike 

the organ in vivo. This technology builds 

upon a foundation of stem cell technolo-

gies, as well as classical developmental bi-

ology and cell-mixing experiments. These 

studies illustrated two key events in struc-

tural organization during organogenesis: 

cell sorting out and spatially restricted 

lineage commitment. Both of these pro-

cesses are recapitulated in organoids, 

which self-assemble to form the cellular 

organization of the organ itself. 

ADVANCES: Organoids have been gener-

ated for a number of organs from both 

mouse and human stem cells. To date, 

human pluripotent stem cells have been 

coaxed to generate intestinal, kidney, brain, 

and retinal organoids, as well as liver or-

ganoid-like tissues called liver buds. Deriva-

tion methods are specific to each of these 

systems, with a focus on recapitulation of 

endogenous developmental processes. 

These complex structures provide a 

unique opportunity to model human organ 

development in a system remarkably simi-

lar to development in vivo. Although the 

full extent of similarity in many cases still 

remains to be determined, organoids are al-

ready being applied to human-specific bio-

logical questions. Indeed, brain and retinal 

organoids have both been shown to exhibit 

properties that recapitulate human organ 

development and that cannot be observed 

in animal models. Naturally, limitations 

exist, such as the lack of blood supply, but 

future endeavors will advance the technol-

ogy and, it is hoped,  fully overcome these 

technical hurdles. 

OUTLOOK: The therapeutic promise of or-

ganoids is perhaps the area with greatest 

potential. These unique tissues have the 

potential to model developmental disease, 

degenerative conditions, and cancer. Genetic 

disorders can be modeled by making use of 

patient-derived induced pluripotent stem 

cells or by introducing disease mutations. In-

deed, this type of approach has already been 

taken to generate organoids from patient 

stem cells for intestine, kidney, and brain. 

Furthermore, organoids that model 

disease can be used as an alternative sys-

tem for drug testing that may not only 

better recapitulate effects in human pa-

tients but could also cut down on animal 

studies. Liver organoids, in particular, 

represent a system with high expecta-

tions, particularly for 

drug testing, because 

of the unique meta-

bolic profile of the 

human liver. Finally, 

tissues derived in vi-

tro could be generated 

from patient cells to provide alternative or-

gan replacement strategies. Unlike current 

organ transplant treatments, such autolo-

gous tissues would not suffer from issues of 

immunocompetency and rejection. ■   
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Organoid generation and therapeutic potential. Organoids can be derived for a number 

of organs from human pluripotent stem cells (PSCs). Like organogenesis in vivo, organoids 

self-organize through both cell sorting out and spatially restricted lineage commitment of pre-

cursor cells. Organoids can be used to model disease by introducing disease mutations or 

using patient-derived PSCs. Future applications could include drug testing and even tissue 

replacement therapy.
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ORGANOID GENERATION

Organogenesis in a dish: Modeling
development and disease using
organoid technologies
Madeline A. Lancaster1 and Juergen A. Knoblich1*

Classical experiments performed half a century ago demonstrated the immense
self-organizing capacity of vertebrate cells. Even after complete dissociation, cells can
reaggregate and reconstruct the original architecture of an organ. More recently, this
outstanding feature was used to rebuild organ parts or even complete organs from
tissue or embryonic stem cells. Such stem cell–derived three-dimensional cultures are
called organoids. Because organoids can be grown from human stem cells and from
patient-derived induced pluripotent stem cells, they have the potential to model human
development and disease. Furthermore, they have potential for drug testing and even future
organ replacement strategies. Here, we summarize this rapidly evolving field and outline the
potential of organoid technology for future biomedical research.

S
tem cell technologies hold promise for
modeling development, analyzing disease
mechanisms, and developing potential ther-
apies. Until quite recently, most stem cell
methods focused on pure populations of

particular stem cell–derived cell types (1), rather
than the complete set of cell types of an organ.
However, this is beginning to change with the
development of three-dimensional (3D) cultures
of developing tissues, called organoids.
As organoid technology is on the verge of be-

coming an independent research field, a precise
definition of the term becomes increasingly im-
portant. The term organoid, simply defined as re-
sembling an organ, has been used quite loosely
for a variety of structures, both in vitro and in vivo
(2–4). The basic definition, however, implies sev-
eral important features that are characteristics of
organs (Box 1). First, it must contain more than
one cell type of the organ it models; second, it
should exhibit some function specific to that organ;
and third, the cells should be organized similarly
to the organ itself. This also implies similarity to
the manner in which the organ establishes its
characteristic organization during development.
Thus, we would like to define an organoid as con-
taining several cell types that develop from stem
cells or organ progenitors and self-organize through
cell sorting and spatially restricted lineage commit-
ment, similar to the process in vivo (Box 1).

Self-organization: The foundation
of organoid formation

Organoid methods build upon an extensive
foundation of classic developmental biology

and cell dissociation and reaggregation exper-
iments (Fig. 1A). Two distinct approaches have
been taken to understanding tissue patterning
(5). In vivo examination of cell movements has
revealed mechanisms of cell segregation into
discrete domains during tissue morphogenesis
(6). This process has been extensively examined
in, for example, the Drosophila wing disc where
the anterior-posterior boundary is established
through mutually repressive interactions (7). A
similar process occurs during vertebrate embry-

onic development at the midbrain-hindbrain
boundary, which then acts as an organizer for
subsequent tissue morphogenesis (8).
The second approach to understanding tissue

patterning has been dissociation and reaggre-
gation of tissues to examine relative morphoge-
netic movements of cells in vitro (Fig. 2A). This
approach has been applied to virtually all de-
veloping vertebrate organs in a number of classic
studies with embryonic chick tissues (9, 10) (Fig.
1A). The results point to a general capacity of
cells to reorganize and segregate in a process
termed “cell sorting out” to form structures with
much the same histogenic properties as those
in vivo (6, 11). For example, studies from the
early 1960s have utilized dissociated cells from
the developing chick kidney (9) to form reaggre-
gates that recapitulate virtually complete renal
development.
The basis of this organ self-assembly seems to

arise from segregation of cells with similar ad-
hesive properties into domains that achieve the
most thermodynamically stable pattern (Fig. 2A).
Known as Steinberg’s differential adhesion hy-
pothesis (12) (Fig. 1A), the theory is supported
by a range of in vitro cell-mixing experiments
(13). Differential adhesion is mediated by cell
surface adhesion proteins, for example, in sepa-
ration of vertebrate neural and epidermal ecto-
derm (14, 15), where differential epithelial and
neural and cadherin expression mediates cell
sorting out.
A second mechanism that can influence tis-

sue morphogenesis is proper spatially restricted
progenitor fate decisions (Fig. 2B). An excellent
example is the developing vertebrate retina, where
neuroepithelial cells give rise to a complex lineage
that generates the various layers of the retina in
a temporally and spatially restricted manner.

RESEARCH

SCIENCE sciencemag.org 18 JULY 2014 • VOL 345 ISSUE 6194 1247125-1

1IMBA—Institute of Molecular Biotechnology of the Austrian
Academy of Science Vienna 1030, Austria.
*Corresponding author. E-mail: juergen.knoblich@imba.oeaw.ac.at

Cell
sorting out

Lineage
commitment

Organoid

Differentiating 
PSCs

Box 1. Defining organoids.

Organoid n. Resembling an organ.

This implies:
1. Multiple organ-specific cell types
2. Capable of recapitulating some specific

function of the organ (eg. excretion, filtration,
neural activity, contraction)

3. Grouped together and spatially organized
similar to an organ

Organoid formation recapitulates both major
processes of self-organization during
development: cell sorting out and spatially
restricted lineage commitment

Definition:
A collection of organ-specific cell
types that develops from stem cells or
organ progenitors and self-organizes
through cell sorting and spatially
restricted lineage commitment in a
manner similar to in vivo.



This stratification depends upon proper stem
cell division orientation, the interplay of sym-
metric and asymmetric divisions, and migration
of differentiated daughter cells to defined lo-
cations within the tissue (16, 17). Remarkably,
this organization can also be recapitulated upon
in vitro dissociation and reaggregation (18) but
only when retinal precursor cells are taken from
a chick younger than embryonic day 6 (E6) (19, 20).
This suggests that retinal layering depends not
only on cell sorting out but also proper execu-
tion of lineage decisions by retinal progenitors.
The combination of both sorting out and fate

specification in governing self-organization is
particularly evident in tumors called teratomas.
Teratomas develop from pluripotent stem cells
(PSCs) of the germ line and therefore display a
variety of organized tissues (Fig. 1B). These in-
clude epidermis, nervous tissue, gut, and bone,
as well as eyes (21) and limbs (22). The sponta-
neous development of these tissues from PSCs is
presumably because of a recapitulation of both
cell segregation and fate specification. Similarly,
these two processes allow for the self-organization
seen in organoids (Box 1).
In many ways, organoids represent the meth-

odological evolution of an in vitro system called
an embryoid body (EB) that is similar to an
early teratoma (Fig. 1B). EBs are 3D aggregates
of PSCs (23) that undergo initial developmental
specification in much the same manner as the
pregastrulating embryo (24). EBs can further
differentiate to form various organized tissues,
much like a teratoma. However, their growth in
vitro allows for the application of patterning
factors to drive particular identities. Not all or-
ganoid methods make use of an initial EB stage,
but they all involve exogenous tissue patterning
and eventually reaggregation to form a 3D self-
organized tissue, an organoid.
Self-organization is possible in organoids be-

cause of a growing movement away from two-
dimensional culture. This movement was triggered
by the discovery that epithelial cells, such as kid-
ney (25) or breast epithelia (26), could develop
tubules and ducts when embedded in extracel-
lular matrix hydrogels. Similarly, organoids often
make use of such gels, particularly the laminin-
rich extracellular matrix secreted by the Engelbreth-
Holm-Swarm tumor line (27), also called Matrigel.
The resulting self-organizing structures exhib-

it typical tissue architecture, but note that they
are highly heterogeneous. Thus, each organoid
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A

1987

Wilson demonstrates the
potential of dissociated 
sponge cells to self-organize 
to regenerate a whole 
organism (120).

Holtfreter performs
dissociation-reaggregation

experiments with dissociated
amphibian pronephros (121).  

Weiss and Taylor perform 
dissociation-reaggregation 
experiments with multiple 
organs from embryonic 
chick (9).

Pierce and Verney describe the
differentiation of embryoid

bodies in vitro (122).

Thompson et al. isolate and
culture the first human

embryonic stem cell line
from human blastocysts (126).

Clevers and colleagues generate
gut organoids from adult

intestinal stem cells upon
3D culture in Matrigel (34).

Retinal organoids
are generated from
human pluripotent

stem cells (65).

2013–2014:
Kidney organoids are generated

by three independent groups,
generating ureteric bud (68),

metanephric mesenchyme (29),
or both (69).

Steinberg introduces the 
differential adhesion 
hypothesis (DAH) of cell 
sorting out (12).

Gut organoids are generated  
from human pluripotent stem 
cells in vitro (33).  Later that year, 
retinal organoids are generated 
from mouse ES cells (64).

Sasai and colleagues generate 
3D cerebral cortex tissue from 
pluripotent stem cells using the 
SFEBq method (54).

Brain organoids are generated 
from human pluripotent stem 
cells upon growth in Matrigel 
and with agitation (28).

Bissell and colleagues show 
that breast epithelia organize 
into 3D ducts and ductules when 
grown on Engelbreth-Holm-
Swarm tumor ECM extract (27). 
Jennings and colleagues show 
similar structures with lung 
cells (125).

Evans establishes
pluripotent stem cells from

mouse embryos (123). Martin 
similarly isolates pluripotent 

mouse cells and coins the term
“embryonic stem cell” (124).

Fig. 1. History of organoid methodologies. (A)
Key events in the history leading up to various
organoid methodologies. (B) Comparison of para-
digms of self-organization from pluripotent stem
cells. Teratomas develop various tissues in vivo,
either as spontaneous tumors that can arise in
animals and humans or from injected PSCs in a
rodent host. Embryoid bodies are 3D aggregates
of stem cells that self-organize to develop tissues,
similar to teratomas in many ways, but formed
in vitro. Organoids are similarly 3D in vitro–derived
tissues but are driven using specific conditions
to generate individual, isolated tissues.
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is unique and exhibits relative positioning of
tissue regions that are often random, possibly
because of a lack of embryonic axis formation. For
example, brain organoids display various brain
regions that individually develop quite similarly to
those in vivo (28) but are not reliably organized
relative to one another because of a lack of
anterior-posterior and dorsal-ventral axes. Similarly,
kidney organoids develop tubules corresponding to
regions of the nephron segment (29), but they are
randomly positioned rather than displaying medul-
lary and cortical organization. This heterogeneity
makes it difficult to generate pure populations of
single cell types, but it can be a powerful tool for
modeling development and disease on a whole-
organ scale.

Current organoid technologies

Organoids derived from human PSCs have so far
been established for gut, kidney, brain, and retina,
among others (Fig. 3). Many of the organs studied
had already been demonstrated to self-organize in
reaggregation experiments from embryonic tis-
sues (Table 1), which suggests that organoids
could, in principle, be generated if organ progen-
itors could be derived from PSCs. Below, we will
describe the evolution of each of these organoid
approaches from this developmental foundation.

Gut organoids

The gastrointestinal (GI) tract develops primarily
from the endoderm (6), which forms an epithe-

lial tube that develops into three distinct por-
tions, the foregut, midgut, and hindgut (30). The
foregut gives rise to the oral cavity, the pharynx,
the respiratory tract, the stomach, the pancreas,
and the liver. The midgut gives rise to the small
intestine and the ascending colon. The hindgut
gives rise to the remaining portion of the colon,
or large intestine, and the rectum. The separa-
tion of these three domains involves the com-
binatorial response to growth factors that have
anteriorizing or posteriorizing effects. In par-
ticular, Wnt and fibroblast growth factor (FGF)
signaling have been shown to inhibit anterior
gut fate and instead promote posterior fate,
which can lead to midgut and hindgut identi-
ties (31, 32).
This knowledge of the posteriorizing effects

of Wnts and FGFs provides the foundation on
which human intestinal organoids are built (33)
(Fig. 3). Human PSCs can be driven toward a
hindgut identity by initially applying activin A,
a nodal-related molecule, to drive mesendoder-
mal identity. The subsequent addition of pos-
teriorizing Wnt3a and Fgf4 then specifies the
hindgut, the precursor to the intestine. Orig-
inally, this specification was performed in 2D,
but surprisingly, the cells spontaneously formed
hindgut tubes that budded off to form spheroids.
This illustrates the remarkable self-organizing
ability of these progenitors, a property that al-
lows them to generate complete 3D organoids
when grown in a permissive environment. The

laboratory of Hans Clevers had previously shown
that adult intestinal stem cells could form organ-
oids when cultured in 3D in Matrigel (34). These
adult-derived organoids self-organized to form
3D crypt-villus structures that mimicked the phys-
iology and organization of the intestine and could
even be transplanted into mice (35). Similarly,
hindgut spheroids generated from human PSCs
can be grown in Matrigel 3D growth condi-
tions to further develop to mature intestinal
organoids (33).
Intestinal organoids develop crypt-villus struc-

tures with stratified epithelium consisting of all
the major cell lineages of the gut (33, 34). These
include columnar epithelial enterocytes with a
brush border of apical microvilli. Furthermore,
cell divisions occur at the base of the villus-like
protrusions, and intestinal stem cells could be
identified by their expression of Lgr5 in more
advanced organoids. Finally, these organoids dis-
played intestinal functions including absorptive
and secretory activity.
Although the intestine is the only gut region

so far generated from PSCs, other regions of the
digestive tract have been developed into organ-
oids from adult stem cells. In particular, gastric
organoids have been generated from adult py-
loric stem cells (36) or chief cells of the stomach
(37). Lingual organoids have been established
from adult tongue epithelium (38). These ap-
proaches similarly use the 3D Matrigel envi-
ronment, which suggests that Matrigel is a general
requirement in GI tract organoid formation.
Furthermore, the use of adult progenitor pop-
ulations in this manner provides an additional,
often more direct, route to the generation of
organoids.

Liver organoids

The liver is primarily derived from endoderm,
developing from an outgrowth of ventral fore-
gut epithelium that develops into a hepatic bud
structure (39). This hepatic bud produces the
hepatoblasts that generate both hepatocytes and
biliary epithelium, whereas adjacent mesoderm-
derived mesenchyme contributes liver fibro-
blasts and stellate cells. The growth of the liver
bud involves extensive vascularization and eventu-
ally it develops into the major fetal site of
hematopoiesis. Thus, liver development repre-
sents a complex interplay of both endoderm- and
mesoderm-derived tissues.
Early reaggregation studies had shown that

dissociated chick embryonic hepatic tissue can
reaggregate and organize into secretory units
typical of the liver and consistent with forma-
tion of functional bile ducts (9). More recently, a
progenitor population in adult mouse liver that
is activated after injury was identified that could
generate 3D liver organoids when grown in
Matrigel (40). These adult-derived liver organ-
oids display cells with biliary ductal identities
and can be differentiated to form mature, func-
tional hepatocytes. Finally, liver organoids can
be transplanted into mice and were shown to
partially rescue mortality in a mouse model of
liver disease, pointing to their functionality.
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B  Spatially restricted lineage commitment

A  Cell sorting out 

Cell surface
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proteins

Fig. 2. Principles of self-organization. (A) Cell sorting out describes the movement of cells into
different domains. Different cell types (purple or green) sort themselves because of different adhesive
properties conferred by their differential expression of distinct cell adhesion molecules (shown as brown
or orange bars). (B) Spatially restricted cell-fate decisions also contribute to self-organization in vivo and
in organoids. Progenitors (green) give rise to more differentiated progeny (purple), which, because of
spatial constraints of the tissue and/or division orientation, are forced into a more superficial position
that promotes their differentiation. These cells can sometimes further divide to give rise to more
differentiated progeny (pink), which are further displaced.
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Although similar human liver organoids have
not yet been generated, a very different approach
was recently established to generate tissues re-
miniscent of human liver buds (41). Beginning
with differentiation of human PSCs into hepatic
endodermal cells in 2D, this method mixes three
cell populations: the human PSC–derived hepatic
cells, human mesenchymal stem cells, and hu-
man endothelial cells. This mixed-cell population
mimics the early cell lineages of the developing
liver. When mixed to a high density on a layer of
Matrigel, the cells spontaneously form a 3D ag-
gregate. The liver bud–like aggregates display vas-
cularization and can be ectopically transplanted
into mice to allow blood supply. Perhaps most
promising is the finding that mice with transplants
of these liver bud tissues exhibit human-specific
metabolites in the blood. Furthermore, survival
of mice subjected to liver injury increased when
liver buds were transplanted into them.

Brain organoids

The vertebrate central nervous system derives
from the neural ectoderm (6). This tissue gives
rise to the neural plate, which folds and fuses to
form the neural tube, an epithelium with apical-
basal polarity radially organized around a fluid-

filled lumen that eventually forms the brain
ventricles. Axes are established through the con-
certed action of morphogen gradients, such as
the ventral-dorsal Shh-Wnt/Bmp axis, and the
rostral-caudal axis influenced by factors such as
retinoic acid and FGF (42). These axes allow the
epithelial tube to subdivide into four major re-
gions, the forebrain, midbrain, hindbrain, and
spinal cord. The forebrain gives rise to the ma-
jority of the human brain, including the neo-
cortex, hippocampus, and ventral telencephalic
structures, such as amygdala and hypothalamus.
The midbrain gives rise to the tectum, whereas
the hindbrain gives rise to the cerebellum, pons,
medulla, and brainstem.
Generally, neurons are generated from neural

stem cells that reside next to ventricles (43). Neu-
ral stem cells initially expand through symmetric
proliferative divisions. During neurogenesis, stem
cells switch to asymmetric divisions to give rise to
self-renewing progenitors and more differentiated
cell types, including neurons and intermediate
progenitors (44). These more differentiated cells
migrate outward to generate stratified structures
such as the three layers of the medulla, the seven
layers of the optic tectum, and the six layers of
the cerebral cortex.

Although the final product of neural develop-
ment is a highly complex interconnected brain,
earlier reaggregation studies suggest that this
organ has an intrinsic self-organizing capacity
(45). When taken at early stages of brain devel-
opment, chick neural progenitors self-organized
to form clusters of neuroepithelial cells orga-
nized in a radial manner surrounding a lumen,
reminiscent of the neural tube. The implication
of these classic experiments is that if neuroepi-
thelium can be derived from PSCs, spontaneous
self-organization is likely to occur.
Numerous previous studies have made use

of in vitro–derived neural stem cells (NSCs) from
PSCs to study neural differentiation (46). How-
ever, these homogeneous NSCs lack the character-
istic apical-basal polarity and do not recapitulate
the complex lineage of NSCs in vivo. As an alter-
native approach, neurospheres (47) are aggre-
gates of NSCs that can be used to assess their
self-renewing capacity. However, neurospheres
are likewise not well organized and, therefore,
are limited in their capacity to model many as-
pects of brain development.
More recently, 2D neural tube–like structures

called neural rosettes were established from isolated
neuroepithelium or the directed differentiation
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Optic cup organoid
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Matrigel
+

agitation

2% matrigelMatrigel RA
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Cerebral organoidKidney organoidIntestinal organoid

Fig. 3. Overview of organoid methodologies.Organoid differentiation strategies developed so far from human PSCs. Conditions and growth factors are
indicated for the derivation of progenitor identities. For neuroectoderm, minimal medium without serum is used. KSR is knockout serum replacement, a
serum-free growth-promoting alternative. Limiting its use, along with a low concentration of Matrigel dissolved in the medium, promotes retinal
neuroepithelium, whereas higher KSR and embedding in pure Matrigel promotes the formation of various brain regions. Renal organoids have been
generated several ways, but growth factors in common are shown.
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of PSCs (48, 49). Because neural rosettes re-
capitulate apical-basal polarity and exhibit
spontaneous radial organization similar to
that of the neural tube, they are more capable
of recapitulating many aspects of brain devel-
opment. These include the production of inter-
mediate progenitor types, as well as the timed
production of layer identities similar to those
in vivo (50). However, because of the 2D na-
ture of the method, it has many limitations in
modeling the overall organization of the devel-
oping brain.
Therefore, alternative 3D culture methods with

the potential to recapitulate brain tissue organ-
ization have been used extensively for investiga-
tions in the past several years. In particular, work
from the lab of Yoshiki Sasai has focused on
developing various isolated brain regions in 3D
from mouse or human PSCs (51). Beginning with
EB formation, particular brain region identities
can be generated from neuroectoderm. Specifi-

cally, forebrain tissues are generated by plating
mouse (52) or human (53) EBs in 2D and ex-
amining adherent cells. However, aggregates de-
velop more complex structures when allowed to
continue growing in 3D (54), eventually generat-
ing dorsal forebrain. This method has further
been improved in a recent study (55) that also
showed neuronal layering reminiscent of early
cerebral cortical development.
Other regions can also be generated by mimick-

ing endogenous patterning with growth factors.
For example, Hedgehog signaling drives ven-
tral forebrain tissue (56). In addition, cere-
bellar identities can be generated by treatment
with either Bmp4 and Wnt3a to generate gran-
ule neurons (57) or Hedgehog inhibition to gen-
erate Purkinje neurons of the cerebellum (58).
Conversely, minimizing exogenous bioactive fac-
tors, such as serum proteins, promotes hypo-
thalamic identity (59). Thus, by stimulating
neuroectoderm through an EB stage followed

by the application of specific growth factors,
organoids can be generated for a variety of in-
dividual brain regions.
More recently, heterogeneous neural organ-

oids were established, termed cerebral organ-
oids, that contain several different brain regions
within individual organoids (28) (Fig. 3). The
approach similarly begins with EBs, but growth
factors are not added to drive particular brain
region identities. Instead, the method is influ-
enced by the intestinal organoid protocol, name-
ly, by embedding the tissues in Matrigel. The
extracellular matrix provided by the Matrigel
promotes outgrowth of large buds of neuroepi-
thelium, which then expand and develop into
various brain regions. Cerebral organoids can
reach sizes of up to a few millimeters when grown
in a spinning bioreactor, which improves nu-
trient and oxygen exchange. This expansion al-
lows the formation of a variety of brain regions,
including retina, dorsal cortex, ventral forebrain,
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Table 1. Current state of the art for in vitro self-organizing tissues of various organs. mESCs, mouse embryonic stem cells.

Organ Early reaggregation
experiments

Identity derivation
from PSCs

3D self-organizing structure
or organoid

Endoderm Thyroid Embryonic chick thyroid
(90), adult rat thyroid (91)

Thyroid progenitors from
mESCs (92)

Functional thyroid organoid from
mESCs (70)

Lung Embryonic chick lung (93) Lung progenitors from mESCs
and hiPSCs (92, 94)

Bronchioalveolar structures from
mouse adult lung stem cells (71)

Pancreas Mouse embryonic
pancreas (95)

Pancreatic endocrine cells
from mESC (96) and
hESCs (97)

Pancreatic organoids from
mouse embryonic pancreatic
progenitors (72)

Liver Chick embryonic liver (9) Hepatocytes from mESCs
and hESCs (98)

Liver organoids from adult
stem cells (40); liver buds
from human iPSCs (41)

Stomach Chick embryonic gizzard and
proventriculus (99)

None Stomach organoids from adult stem
cells (36, 37)

Intestine Rat embryonic intestine (100) Intestinal cells from mESCs
(101) and hPSCs (33)

Intestinal organoids from human
PSCs (33)

Mesoderm Heart Chick (102) and rat (103)
cardiac tissue

Spontaneous and directed
differentiation of mESCs
and hESCs (104)

Vascularized cardiac patch from
hESCs (105)

Skeletal muscle Embryonic chick leg
skeletal muscle (76)

Mesoangioblasts from human
iPSCs (106)

Anchored contracting skeletal muscle
in 3D matrix derived from myoblast
progenitors (107)

Bone Skeletal bone of chick
embryonic leg (77)

Osteoblasts from mESCs (108)
and hESCs (109)

Bone spheroids from human osteogenic
cells (110)

Kidney Chick embryonic kidney (9) Intermediate mesoderm from
mouse (111) and human
(112) PSCs

Ureteric bud (68) and metanephric
mesenchyme (29) renal organoids
(69) from human and mouse PSCs

Ectoderm Retina Embryonic chick retina (61) Retinal progenitors from
mouse (113) and human
PSCs (114)

Optic cup organoids from mouse
(64) and human (65) PSCs

Brain Embryonic chick
brain cells (45)

Neural rosettes from mouse
and human PSCs (48, 49)

Cerebral organoids from mouse
and human PSCs (28, 55)

Pituitary Chick anterior pituitary (115) None Adenohypophysis organoids
from mouse PSCs (73)

Mammary gland Mammary gland from
adult virgin mice (75)

None 3D breast epithelia embedded
in Matrigel (116)

Inner ear Embryonic chick otocysts (117) Inner ear hair cells from
mESCs (118)

Inner ear organoids from mESCs (74)

Skin Embryonic chick skin and
feather follicles (9)

Keratinocytes from mESCs (119) Stratified epidermis from keratinocytes
derived from mESCs (119)
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midbrain-hindbrain boundary, choroid plexus,
and hippocampus.

Retinal organoids

The retina is the light-receptive neural region of
the eye and is derived from the neural ectoderm.
Initially, the optic vesicle forms as an outgrowth
of the diencephalon, the most posterior region
of the forebrain (60). Like the rest of the CNS,
this optic vesicle begins as a pseudostratified
neuroepithelium with a fluid-filled lumen. How-
ever, concerted movements at two hinge re-
gions force the vesicle to fold in on itself, forming
the optic cup. Thus, early in retinal development,
two adjacent epithelial layers are established:
the outer retinal pigmented epithelium and the
inner neural retina. This trend of stratification
continues and eventually leads to a fully lami-
nated tissue containing layers of photoreceptors
and supportive cell types, such as bipolar cells and
amacrine cells.
The retina has a long history of in vitro reag-

gregation studies and has been used as a model
of retinal layer formation for decades (18). The
first reaggregates were generated from chick
retina in the early 1960s and demonstrated the
robustness of retinal self-organization in vitro
(61, 62). Subsequent studies have used retinal
reaggregates to examine the relations between
different cell types and their differentiation and
organization (63).
The evolution to PSC-derived retinal organoids,

like other organoid approaches, is built upon a
foundation rooted in developmental biology
(Fig. 3). EBs are derived in minimal medium to
generate neuroectoderm (64). A nominal amount
of Matrigel is dissolved in the medium at an
early stage to allow the formation of more rigid
neuroepithelial tissues, a prerequisite of retinal
pigmented epithelium formation. This promotes
the formation of buds of retinal primordial tissue
similar to the optic vesicle. These buds are then
cut away from the rest of the neuroepithelial tis-
sues and maintained in a medium that supports
retinal tissue identity.
The resulting optic cup organoids very closely

mimic early retina. They display proper mark-
ers of neural retina and retinal pigmented epi-
thelium, they display retinal stratification with
proper apical-basal polarity, and they undergo
morphological tissue shape changes that mimic
the stepwise evagination and invagination of the
optic cup in vivo.
More recently, optic cup organoids were gener-

ated from human PSCs (65). These human retinal
organoids show many of the characteristics com-
mon to mouse retina; however, they display a num-
ber of human specific features as well. In particular,
the human retinal organoids are larger than mouse
organoids, they require more time to develop, and
they display certain tissue morphological differ-
ences, such as apical nuclear positioning.

Kidney organoids

The kidney arises from an early embryonic tissue
called the intermediate mesoderm, a subdivision
of mesodermal identity that develops from the

primitive streak (66). In vivo, the primitive streak
displays opposing gradients of Bmp4 and activin
A, which combinatorially specify the endoderm
or mesoderm. The intermediate mesoderm is
further subspecified through the action of Fgf
and Wnt signaling. This tissue then develops into
two closely interacting domains, the ureteric bud
and the metanephric mesenchyme, which pro-
mote each other’s growth and branching to de-
velop early renal tubules.
Like many of the tissues for which organoids

have so far been developed, evidence that kid-
ney tissue might be capable of self-organization
comes from early reaggregation experiments of
chick embryonic kidney (9). The resultant tis-
sues displayed various segments of the nephron,
including collecting duct, distal and proximal
tubules, and glomeruli formed by the interac-
tion with allantoic vessels upon transplantation
on the chick allantoic membrane. Furthermore,
the tissues could develop the stereotypic orga-
nization of the kidney with cortical and medul-
lary region. These experiments suggest that, if
kidney progenitors can be made from PSCs, these
would, in principle, be capable of forming orga-
nized tissues if grown in a permissive environment.
This principle is what has now been demonstrated
by three independent studies (67) (Fig. 3).
Each of the recently published methods uses

various combinations of growth factors to mimic
endogenous signaling to drive renal differenti-
ation. Specifically, ureteric bud identity can be
generated by exposing human induced PSCs in
2D to Bmp4 and Fgf2 to drive mesodermal iden-
tities (68), followed by subsequent application
of retinoic acid, Bmp2, and activin A. Such ure-
teric bud cells can be cocultured with dissociated
mouse embryonic kidney to self-organize within
the mouse aggregate and populate 3D ureteric
bud structures.
The second major renal precursor tissue, the

metanephric mesenchyme, can instead be gener-
ated beginning with an initial EB stage frommouse
and human PSCs (29). Sequential application of
activin A followed by Bmp4 and the Wnt agonist
CHIR99021 then induces posterior mesoderm,
the precursor to the intermediate mesoderm. Fi-
nally, application of retinoic acid followed by Fgf9
then stimulates the tissues to take on ametanephric
mesenchyme identity. By coculturing with spinal
cord tissue, a known nephric inducer, this tissue
can produce well-organized nephric tubules and
even nascent glomeruli.
Finally, both principal lineages of the kid-

ney can be generated together (69) by applying
activin A and Bmp4 to human embryonic stem
cells (hESCs) grown in 2D to generate primitive
streak identity. These cells transition to an in-
termediate mesoderm identity upon exposure
to Fgf9 and spontaneously develop further into
ureteric bud and metanephric mesenchyme in
the absence of further growth factors. Although
these specification events were initially per-
formed in 2D, the cells take on 3D morphol-
ogies by either growing at low density to allow
dome-like colonies to form or when cocultured
with mouse kidney reaggregates. In both cases,

more complex tissues arise in 3D with structures
resembling ureteric epithelium and proximal
tubules.

Organoids from model organisms

Despite the relatively few human-derived organo-
ids so far described, several others have already
been established from mouse PSCs or adult tis-
sue stem cells. These include the endoderm-derived
thyroid, lung, and pancreas. Thyroid organoids
can be produced by overexpression of two fac-
tors important for thyroid specification, Nkx2.1
and Pax8, followed by treatment of EBs with
thyroid-stimulating hormone (70). Lung organoids
can develop from cocultured adult bronchioal-
veolar stem cells and lung endothelial cells (71)
in Matrigel. And finally, pancreatic organoids
can develop from simply plating pancreatic pro-
genitor cells in Matrigel (72). All three systems
give rise to self-organized characteristic epithe-
lia and, in the case of thyroid organoids, even
synthesis and secretion of functional thyroid
hormone.
Organoids have also been derived from ectoderm-

derived pituitary and inner ear. Specifically, the
two identities of the developing pituitary, the
neural ectodermal infundibulum and the ade-
nohypophysis, could be generated in large EBs
grown under ectoderm-promoting conditions
(73). Remarkably, these pituitary organoids can
mature and synthesize pituitary hormones, such
as growth hormone, follicle-stimulating hor-
mone, and thyroid-stimulating hormone. Addi-
tionally, sensory epithelia of the inner ear can
be generated from EBs grown under ectoderm-
promoting conditions with subsequent treat-
ment with Bmp4 followed by Fgf2 to drive otic
identity (74). The resulting otic vesicles generate
functional inner ear sensory epithelia with stereo-
cilia and kinocilia.

The future of organoid technologies

The generation of 3D organoids from human PSCs
is currently in its infancy, but the field is rapidly
evolving. In the near future, human organoids
may be generated for those organs that have al-
ready been established in mouse or where a
principle of self-organization has already been
demonstrated in reaggregation studies. These
include skin (9), mammary gland (75), muscle
(76), and bone (77), to name a few.

Paradigms of organ development

Because organoids represent an easily accessible
model system, they have the potential to open
doors to developmental questions that have
been difficult or impossible to answer using tra-
ditional techniques. This is particularly true for
biological principles that are specific to humans.
For example, human brain organoids have al-
ready been used to examine the unique division
mode of human neural stem cells (28). Similarly,
retinal organoids have been used to test differ-
ences between human and rodent tissue morpho-
genesis and timing (65). Additionally, organoids
for the GI tract can be applied to the study of
coordinated development of GI organs, a process
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that exhibits important differences in humans
compared with laboratory animals (78).
Furthermore, organoids hold the potential to

model adult homeostasis as well. Indeed, intes-
tinal organoids have already been used to ex-
amine the role of the crypt niche in stem cell
self-renewal and differentiation (79, 80). This
is particularly true for organoids that have been
derived from adult progenitors, such as liver
and stomach, that closely recapitulate regen-
erative events seen in the adult organ.

Therapeutic potential

Disease modeling will likely be a primary focus
of future organoid studies (Fig. 4). These can
range from developmental disorders, cancer, in-
fectious disease, and degeneration. For example,
gut organoids are already being used to examine
infectious diseases (81, 82); tumor biology (83, 84);
and genetic conditions (85, 86).
Along these lines, patient iPSCs will be a val-

uable tool in future disease modeling. Recently,
kidney organoids were generated from iPSCs
derived from a patient with polycystic kidney
disease (68). Although the method did not test
for a phenotype, this will likely represent an im-

portant tool in studying this and other genetic
kidney disorders. Similarly, retinal organoids have
the potential to model human genetic disorders
that lead to blindness, such as retinitis pigmen-
tosa. These types of disorders can be modeled
by making use of patient iPSCs or, alternatively,
through the introduction of patient mutations
into human PSCs using modern genome-editing
technologies.
Brain organoids, in particular, have huge po-

tential in this respect. They could, in principle,
be used to model various neurodevelopmental
disorders that have been difficult or impossible
to model in animals. Indeed, brain organoids
were the first organoids to make use of patient
iPSCs in this manner and to model the develop-
mental disorder microcephaly (28). In the future,
cerebral organoids may even have the potential
to model disorders such as autism, schizophrenia,
or epilepsy, and perhaps even adult-onset disor-
ders like neurodegenerative diseases.
Organoids also have the potential to be used for

testing efficacy and toxicity of drug compounds
(Fig. 4). This could be applied to organoids that
model degenerative conditions—for example, liver
fibrosis or cystic kidney diseases—where one could

screen for effective treatments. If successful, this
approach could even cut down on the use of ani-
mal testing, reserving it for studies requiring
whole-organism readouts. For this, development
of human liver organoids would be of particular
relevance (Fig. 4), because the human liver often
metabolizes drugs in a manner distinct from
animals’ metabolism. Drugs can be removed at
early stages of screening when they could other-
wise be functional in humans, or more drastically,
toxic metabolites can be produced specifically in
humans but not in tested animals. Methods to
screen compounds in an in vitro human liver
model are therefore being investigated as an
alternative in the drug discovery process (87).
Human liver buds have already been shown to
produce human-specific metabolites (41), which
suggests that liver organoids could represent an
ideal system to perform these types of studies.
Finally, organoids have the potential to pro-

vide alternative approaches to cell or even whole-
organ replacement strategies in the clinic (Fig. 4).
Organoids could provide a source of autologous
tissue for transplantation. In this respect, renal
organoids hold enormous therapeutic potential as
this is the organ with the highest rate of end-stage
failure leading to the highest organ demand for
transplants. Already, Taguchi et al. succeeded in
transplanting kidney organoids under the renal
capsule of adult mice, which led to vasculari-
zation, a promising step toward a replacement
strategy (29).
Additionally, retinal organoids could be used

to treat certain types of retinal degeneration and
blindness. Indeed, stem cell–therapy clinical trials
are already under way to replace certain degen-
erating retinal cell types (88). Retinal organoids
could provide an alternative approach that may
better recapitulate development and, therefore,
produce particular cell types of interest for trans-
plantation. Finally, intestinal organoids could pro-
vide a treatment option for replacement of damaged
colon after injury or following removal of dis-
eased tissue. Remarkably, intestinal organoid trans-
plantation has already been performed inmice and
can contribute to colon repair after injury (35, 89).
Organoid approaches could even allow for gene
correction in the case of genetic defects, using
modern genome-editing technologies to replace
damaged organ with repaired tissue.
Although it is clear that there are many po-

tential uses for organoids, it is important to keep
in mind their current limitations. In particular,
all of the organoid systems so far established re-
main to be thoroughly characterized with regard
to the extent of recapitulation of in vivo develop-
ment. For example, although retinal organoids
nicely display typical laminar organization, outer
segments fail to form; for example, photorecep-
tors fail to fully mature to become light-sensitive.
Likewise, cerebral organoids recapitulate fairly
early events in brain development, but later fea-
tures, such as cortical plate layers, fail to fully form.
The issue of maturation seems to be a com-

mon hurdle in organoid technologies, and it re-
mains to be seen whether this will significantly
affect their therapeutic and research potential.
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Fig. 4. Therapeutic potential of organoids. Organoids can be used to model diseases (beige box),
for example modeling neurodevelopmental disorders with cerebral organoids. These types of disease
models can then be used for testing drug efficacy in vitro before moving to animal models (green
box). Drug compounds can be tested for toxicity and metabolic profile in liver organoids (gray box).
And finally, organoids could be made from patient cells to provide autologous transplant solutions
(pink box).
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Human intestinal organoids have been shown
to display characteristics of mature intestine,
producing Lgr5+ adult stem cells (33). Other
organoids could perhaps be coaxed to fully ma-
ture once transplanted, either ectopically or for
therapeutic purposes. These studies will likely
be a primary focus of future organoid research.
Finally, the lack of vascularization is generally

an issue with organoids in vitro. Because of lim-
itations in nutrient supply, organoids have a
limited growth potential, which can also affect
their maturation. Vascularization is an issue in
tissue engineering as a whole, and various ap-
proaches have been taken to address it. In the
case of organoids, spinning bioreactors can pro-
vide better nutrient exchange allowing for sizes of
up to a few millimeters (28). Alternatively, cocul-
ture with endothelial cells can generate vascular-
like networks (41). Perhaps the most promising
solution, however, is the transplantation of these
tissues, as has been done for liver buds and kid-
ney organoids, which stimulates invasion from
host vasculature (29).
Overall, organoids have enormous potential to

model development and disease, as a tool for drug
testing, and as a therapeutic approach. Future
efforts will no doubt bring them closer to reach-
ing that potential.
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T
his year celebrates the 100th anniversary of the birth of 

Norman Borlaug, the Nobel Prize–winning plant geneticist 

who, through his contribution to the “green revolution,” 

reminds us of the importance of applying scientific knowl-

edge to develop crop varieties. This is even more important 

today as we face a rapidly expanding global population, 

climate change, and the need to keep agricultural efforts 

sustainable while minimizing environmental impacts. 

Accessing the fundamental information of crop genomes 

aids in accelerating breeding pipelines and im-

proves our understanding of the molecular basis 

of agronomically important traits, such as yield 

and tolerance to abiotic and biotic stresses. 

Obtaining a reference sequence of the ge-

nome of bread wheat (Triticum aestivum), the 

staple food for 30% of the world’s population, 

is a scientific challenge.  Wheat’s hexaploid 

genome was formed from multiple hybridization 

events between three different progenitor species 

(comprising three individual subgenomes: A, B, 

and D). This resulted in a large—five times that 

of humans—and highly redundant genome with 

more than 80% of the genome consisting of re-

peated sequences. For these reasons, a reference 

sequence—a contiguous sequence ordered along 

the chromosomes—cannot be generated by using 

whole-genome shotgun sequencing approaches 

with current high-throughput short read technol-

ogies. To overcome this complexity, the Interna-

tional Wheat Genome Sequencing Consortium (IWGSC) developed 

a strategy of physical mapping and sequencing the individual chro-

mosomes and chromosome arms of the bread wheat genome. In this 

special issue of Science, four Research Articles are presented in full 

online (www.sciencemag.org/extra/wheatgenome), with abstracts in 

print on p. 286 and a News story on p. 251. These papers present ma-

jor advances toward obtaining a reference sequence and enhancing 

our understanding of the bread wheat genome.

The IWGSC produced a survey of the gene content and composi-

tion of all 21 chromosomes and identified 124,201 gene loci, with 

more than 75,000 positioned along the chromosomes. Comparing 

the bread wheat gene sequences with gene repertoires from its clos-

est extant relatives (representing the species that donated the A, B, 

and D progenitor genomes) showed limited gene loss during the 

evolution of the hexaploid wheat genome but frequent gene duplica-

tions after these genomes came together. Gene expression patterns 

revealed that none of the subgenomes dominated gene expression.

Choulet et al. describe the sequencing, assembly, annotation, and 

analysis of the reference sequence of the largest wheat chromosome, 

3B, which at nearly 1 gigabase is more than seven times larger than 

the entire sequence of the model plant Arabidopsis thaliana. Relying 

on a physical map derived from the chromosome 3B–specific bacterial 

artificial chromosome (BAC) library (1), more than 8000 BAC clones 

were sequenced and assembled into a pseudomolecule—a nearly 

complete representation of the entire chromosome. This high-quality, 

ordered sequence revealed a partitioning into distinct regions along 

the chromosome, including distal segments that 

are preferential targets for recombination, adap-

tation, and genomic plasticity. Many inter- and in-

trachromosomal duplications were also observed, 

illuminating the structural and functional redun-

dancy of the wheat genome. This sequence, which 

can be anchored to the genetic and phenotypic 

maps, will aid breeders by increasing the pace 

and simplifying the process of identifying and 

cloning genes underlying agronomic traits. 

Marcussen et al. used the IWGSC chromosome 

survey sequences to analyze the timing and phy-

logenetic origin of the diploid genomes that have 

come together to form the A, B, and D subge-

nomes of bread wheat. They unravel ancient hy-

bridization events in the wheat lineage and reveal 

that the ancestral A and B genomes diverged from 

a common ancestor ~7 million years ago. They 

also show that the D genome was formed through 

homoploid hybrid speciation—hybridization that 

does not result in a genome duplication event—between relatives of 

the A and B genomes 1 million to 2 million years later. 

Pfeifer et al. address inter- and intragenomic gene expression 

regulation within a polyploid genome by providing an in-depth 

analysis of the transcriptional landscape of the developing wheat 

grain. They show that the transcriptional network delineates a 

complex and highly orchestrated interplay of the individual wheat 

subgenomes and identify transcriptional active or inactive domains 

along the chromosomes that might indicate epigenetic control of 

grain development. 

Together, these Research Articles explore multiple dimensions of 

the 17-gigabase wheat genome and pave the way toward achieving 

a full reference sequence to underpin wheat research and breeding.
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A chromosome-based draft 
sequence of the hexaploid bread 
wheat (Triticum aestivum) genome
The International Wheat Genome Sequencing Consortium 

(IWGSC)

An ordered draft sequence of the 17-gigabase hexaploid bread 

wheat (Triticum aestivum) genome has been produced by se-

quencing isolated chromosome arms. We have annotated 124,201 

gene loci distributed nearly evenly across the homeologous chro-

mosomes and subgenomes. Comparative gene analysis of wheat 

subgenomes and extant diploid and tetraploid wheat relatives 

showed that high sequence similarity and structural conservation 

are retained, with limited gene loss, after polyploidization. How-

ever, across the genomes there was evidence of dynamic gene gain, 

loss, and duplication since the divergence of the wheat lineages. A 

high degree of transcriptional autonomy and no global dominance 

was found for the subgenomes. These insights into the genome 

biology of a polyploid crop provide a springboard for faster gene 

isolation, rapid genetic marker development, and precise breeding 

to meet the needs of increasing food demand worldwide.

Lists of authors and affiliations are available in the full article online. 
Corresponding author: K. X. Mayer, e-mail: k.mayer@helmholtz-muenchen.de

Read the full article at http://dx.doi.org/10.1126/science.1251788

Ancient hybridizations 
among the ancestral genomes 
of bread wheat
Thomas Marcussen, Simen R. Sandve,* Lise Heier, 

Manuel Spannagl, Matthias Pfeifer, The International Wheat 

Genome Sequencing Consortium,† Kjetill S. Jakobsen, 

Brande B. H Wulff, Burkhard Steuernagel, Klaus F. X. Mayer, 

Odd-Arne Olsen

The allohexaploid bread wheat genome consists of three closely 

related subgenomes (A, B, and D), but a clear understanding 

of their phylogenetic history has been lacking. We used genome 

assemblies of bread wheat and five diploid relatives to analyze 

genome-wide samples of gene trees, as well as to estimate evolu-

tionary relatedness and divergence times. We show that the A 

and B genomes diverged from a common ancestor ~7 million years 

ago and that these genomes gave rise to the D genome through 

homoploid hybrid speciation 1 to 2 million years later. Our findings 

imply that the present-day bread wheat genome is a product of 

multiple rounds of hybrid speciation (homoploid and polyploid) 

and lay the foundation for a new framework for understanding 

the wheat genome as a multilevel phylogenetic mosaic.

The list of author affiliations is available in the full article online.*Corresponding author. 
E-mail: simen.sandve@nmbu.no  †The International Wheat Genome Sequencing Consortium 
(IWGSC) authors and affiliations are listed in the supplementary materials. 

Read the full article at http://dx.doi.org/10.1126/science.1250092
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Triticum monococcum

Triticum polonicum L.

Triticum dicoccoides var. araraticum

Triticum boeticum

Triticum macha

Ancestral wheat

Wheat varieties and species (shown) believed to 

be the closest living relatives of modern bread wheat 

(T. aestivum). Multiple ancestral hybridizations 

occurred among most of these species, many of which 

are cultivated, and along with T. aestivum represent 

a dominant source of global nutrition.
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Genome interplay in the 
grain transcriptome of hexaploid 
bread wheat
Matthias Pfeifer, Karl G. Kugler, Simen R. Sandve, Bujie Zhan, 

Heidi Rudi, Torgeir R. Hvidsten, International Wheat Genome 

Sequencing Consortium,* Klaus F. X. Mayer, Odd-Arne Olsen†

Allohexaploid bread wheat (Triticum aestivum L.) provides 

approximately 20% of calories consumed by humans. Lack of 

genome sequence for the three homeologous and highly simi-

lar bread wheat genomes (A, B, and D) has impeded expression 

analysis of the grain transcriptome. We used previously unknown 

genome information to analyze the cell type–specific expression 

of homeologous genes in the developing wheat grain and identified 

distinct co-expression clusters reflecting the spatiotemporal pro-

gression during endosperm development. We observed no global 

but cell type– and stage-dependent genome dominance, organiza-

tion of the wheat genome into transcriptionally active chromo-

somal regions, and asymmetric expression in gene families related 

to baking quality. Our findings give insight into the transcriptional 

dynamics and genome interplay among individual grain cell types 

in a polyploid cereal genome.

The list of author affiliations is available in the full article online. *The International Wheat 
Genome Sequencing Consortium (IWGSC) authors and affiliations are listed in the supplementary 
materials. †Corresponding author. E-mail: odd-arne.olsen@nmbu.no

Read the full article at http://dx.doi.org/10.1126/science.1250091
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Glover, Valérie Barbe, Josquin Daron, Lise Pingault, Pierre 

Sourdille, Arnaud Couloux, Etienne Paux, Philippe Leroy, Sophie 

Mangenot, Nicolas Guilhot, Jacques Le Gouis, Francois Balfourier, 

Michael Alaux, Véronique Jamilloux, Julie Poulain, Céline Durand, 

Arnaud Bellec, Christine Gaspin, Jan Safar, Jaroslav Dolezel, Jane 

Rogers, Klaas Vandepoele, Jean-Marc Aury, Klaus Mayer, Hélène 

Berges, Hadi Quesneville, Patrick Wincker, Catherine Feuillet

We produced a reference sequence of the 1-gigabase chromosome 

3B of hexaploid bread wheat. By sequencing 8452 bacterial artificial 

chromosomes in pools, we assembled a sequence of 774 megabases 

carrying 5326 protein-coding genes, 1938 pseudogenes, and 85% of 

transposable elements. The distribution of structural and functional 

features along the chromosome revealed partitioning correlated 

with meiotic recombination. Comparative analyses indicated high 

wheat-specific inter- and intrachromosomal gene duplication activi-

ties that are potential sources of variability for adaption. In addition 

to providing a better understanding of the organization, function, 

and evolution of a large and polyploid genome, the availability of a 

high-quality sequence anchored to genetic maps will accelerate the 

identification of genes underlying important agronomic traits.

The list of author affiliations is available in the full article online. 
*Corresponding author. E-mail: frederic.choulet@clermont.inra.fr

Read the full article at http://dx.doi.org/10.1126/science.1249721

Triticum tauschii

Triticum dicoccum

Triticum turgidum L

Triticum dicoccoides

Triticum spelta L.

Triticum durum

Triticum searsi 

18 JULY 2014 • VOL 345 ISSUE 6194    287Triticum timopheevii

P
H

O
T

O
S

: 
S

U
S

A
N

N
E

 S
T

A
M

P
, 

E
R

N
S

T
 M

E
R

Z
/

E
T

H
 Z

U
R

IC
H

Published by AAAS



A chromosome-based draft 
sequence of the hexaploid bread 
wheat (Triticum aestivum) genome
The International Wheat Genome Sequencing Consortium 

(IWGSC)

An ordered draft sequence of the 17-gigabase hexaploid bread 

wheat (Triticum aestivum) genome has been produced by se-

quencing isolated chromosome arms. We have annotated 124,201 

gene loci distributed nearly evenly across the homeologous chro-

mosomes and subgenomes. Comparative gene analysis of wheat 

subgenomes and extant diploid and tetraploid wheat relatives 

showed that high sequence similarity and structural conservation 

are retained, with limited gene loss, after polyploidization. How-

ever, across the genomes there was evidence of dynamic gene gain, 

loss, and duplication since the divergence of the wheat lineages. A 

high degree of transcriptional autonomy and no global dominance 

was found for the subgenomes. These insights into the genome 

biology of a polyploid crop provide a springboard for faster gene 

isolation, rapid genetic marker development, and precise breeding 

to meet the needs of increasing food demand worldwide.

Lists of authors and affiliations are available in the full article online. 
Corresponding author: K. X. Mayer, e-mail: k.mayer@helmholtz-muenchen.de

Read the full article at http://dx.doi.org/10.1126/science.1251788

Ancient hybridizations 
among the ancestral genomes 
of bread wheat
Thomas Marcussen, Simen R. Sandve,* Lise Heier, 

Manuel Spannagl, Matthias Pfeifer, The International Wheat 

Genome Sequencing Consortium,† Kjetill S. Jakobsen, 

Brande B. H Wulff, Burkhard Steuernagel, Klaus F. X. Mayer, 

Odd-Arne Olsen

The allohexaploid bread wheat genome consists of three closely 

related subgenomes (A, B, and D), but a clear understanding 

of their phylogenetic history has been lacking. We used genome 

assemblies of bread wheat and five diploid relatives to analyze 

genome-wide samples of gene trees, as well as to estimate evolu-

tionary relatedness and divergence times. We show that the A 

and B genomes diverged from a common ancestor ~7 million years 

ago and that these genomes gave rise to the D genome through 

homoploid hybrid speciation 1 to 2 million years later. Our findings 

imply that the present-day bread wheat genome is a product of 

multiple rounds of hybrid speciation (homoploid and polyploid) 

and lay the foundation for a new framework for understanding 

the wheat genome as a multilevel phylogenetic mosaic.

The list of author affiliations is available in the full article online.*Corresponding author. 
E-mail: simen.sandve@nmbu.no  †The International Wheat Genome Sequencing Consortium 
(IWGSC) authors and affiliations are listed in the supplementary materials. 

Read the full article at http://dx.doi.org/10.1126/science.1250092

SPECIAL SECTION     SLICING THE WHEAT GENOME

286    18 JULY 2014 • VOL 345 ISSUE 6194

Triticum monococcum

Triticum polonicum L.

Triticum dicoccoides var. araraticum

Triticum boeticum

Triticum macha

Ancestral wheat

Wheat varieties and species (shown) believed to 

be the closest living relatives of modern bread wheat 

(T. aestivum). Multiple ancestral hybridizations 

occurred among most of these species, many of which 

are cultivated, and along with T. aestivum represent 

a dominant source of global nutrition.

Triticum carthlicum

Published by AAAS



Genome interplay in the 
grain transcriptome of hexaploid 
bread wheat
Matthias Pfeifer, Karl G. Kugler, Simen R. Sandve, Bujie Zhan, 

Heidi Rudi, Torgeir R. Hvidsten, International Wheat Genome 

Sequencing Consortium,* Klaus F. X. Mayer, Odd-Arne Olsen†

Allohexaploid bread wheat (Triticum aestivum L.) provides 

approximately 20% of calories consumed by humans. Lack of 

genome sequence for the three homeologous and highly simi-

lar bread wheat genomes (A, B, and D) has impeded expression 

analysis of the grain transcriptome. We used previously unknown 

genome information to analyze the cell type–specific expression 

of homeologous genes in the developing wheat grain and identified 

distinct co-expression clusters reflecting the spatiotemporal pro-

gression during endosperm development. We observed no global 

but cell type– and stage-dependent genome dominance, organiza-

tion of the wheat genome into transcriptionally active chromo-

somal regions, and asymmetric expression in gene families related 

to baking quality. Our findings give insight into the transcriptional 

dynamics and genome interplay among individual grain cell types 

in a polyploid cereal genome.
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We produced a reference sequence of the 1-gigabase chromosome 

3B of hexaploid bread wheat. By sequencing 8452 bacterial artificial 

chromosomes in pools, we assembled a sequence of 774 megabases 

carrying 5326 protein-coding genes, 1938 pseudogenes, and 85% of 

transposable elements. The distribution of structural and functional 

features along the chromosome revealed partitioning correlated 

with meiotic recombination. Comparative analyses indicated high 

wheat-specific inter- and intrachromosomal gene duplication activi-

ties that are potential sources of variability for adaption. In addition 

to providing a better understanding of the organization, function, 

and evolution of a large and polyploid genome, the availability of a 

high-quality sequence anchored to genetic maps will accelerate the 

identification of genes underlying important agronomic traits.
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WHEAT GENOME

Structural and functional partitioning
of bread wheat chromosome 3B
Frédéric Choulet,1,2* Adriana Alberti,3 Sébastien Theil,1,2 Natasha Glover,1,2

Valérie Barbe,3 Josquin Daron,1,2 Lise Pingault,1,2 Pierre Sourdille,1,2

Arnaud Couloux,3 Etienne Paux,1,2 Philippe Leroy,1,2 Sophie Mangenot,3

Nicolas Guilhot,1,2 Jacques Le Gouis,1,2 Francois Balfourier,1,2 Michael Alaux,4

Véronique Jamilloux,4 Julie Poulain,3 Céline Durand,3 Arnaud Bellec,5 Christine Gaspin,6

Jan Safar,7 Jaroslav Dolezel,7 Jane Rogers,8 Klaas Vandepoele,9 Jean-Marc Aury,3

Klaus Mayer,10 Hélène Berges,5 Hadi Quesneville,4 PatrickWincker,3,11,12 Catherine Feuillet1,2

We produced a reference sequence of the 1-gigabase chromosome 3B of hexaploid
bread wheat. By sequencing 8452 bacterial artificial chromosomes in pools, we
assembled a sequence of 774 megabases carrying 5326 protein-coding genes,
1938 pseudogenes, and 85% of transposable elements. The distribution of structural
and functional features along the chromosome revealed partitioning correlated with
meiotic recombination. Comparative analyses indicated high wheat-specific inter- and
intrachromosomal gene duplication activities that are potential sources of variability
for adaption. In addition to providing a better understanding of the organization,
function, and evolution of a large and polyploid genome, the availability of a
high-quality sequence anchored to genetic maps will accelerate the identification
of genes underlying important agronomic traits.

B
read wheat (Triticum aestivum L.) is a
staple food for 30% of the world popula-
tion. It is a hexaploid species (6x = 2n = 42,
AABBDD) that originates from two inter-
specific hybridizations estimated to have

taken place ~0.5million and 10,000 years ago (1).
The predicted closest extant representatives of
the ancestral parental diploid species (2n = 14)
areTriticumurartu (A genome),Aegilops speltoides
(S genome related to the B genome), andAegilops
tauschii (D genome). Each of the three ancestral
genomes is about 5.5 Gb in size and, therefore,

results in a highly redundant 17-Gb hexaploid
genome with three homeologous sets of seven
chromosomes (1A to 7A, 1B to 7B, and 1D to 7D),
each carrying highly similar gene copies. More-
over, most of the genome was shaped by the
amplification of transposable elements (TEs)
that include highly repeated families and se-
quences (2). This high redundancy has compli-
cated the assembly of a complete and properly
ordered reference sequence of the bread wheat
genome. A fully sequenced genome enables sci-
entists and breeders to have access to a complete
gene set, with the gene order along each chro-
mosome, and to identify candidate genes be-
tween markers associated with important traits.
It also enables the identification of recent dupli-
cates, which may be involved in species-specific
evolution (3), and tracing of their evolutionary his-
tory. Before obtaining a full genome sequence, the
wheat gene space has been investigated through
various genome and transcriptome survey se-
quencing approaches and through microarray
hybridizations (4–7). Recently, whole-genome shot-
gun sequencing of cultivar Chinese Spring using
Roche/454 technology and synteny-driven as-
sembly yielded~95,000 genemodels [N50=0.9 kb
(8)]. Furthermore, the gene space of the diploid
wild relatives Ae. tauschii (DD) and T. urartu
(AA) has also been assembled and led to describe
43,150 and 34,879 genes, respectively (9, 10). Al-
though these sequences are useful templates
for marker design and comparative analyses, as
a result of assembly limitations of short-read-
based sequencing (11, 12), they are still very frag-
mented, and a large fraction of the genes are
unanchored to chromosomes. The maize (Zea
mays) and potato (Solanum tuberosum) sequenc-
ing projects, both representing species with highly

repetitive genomes, were able to avoid overfrag-
mentation by combining multiple sequencing
technologies and through the use ofDNA libraries
with a diversity of insert sizes (13, 14).
The International Wheat Genome Sequenc-

ing Consortium (IWGSC) road map focuses
on physically mapping and obtaining a high-
quality reference sequence of each of the 21
individual wheat chromosomes rather than ap-
proaching the hexaploid genome as a whole.
This strategy relies on flow-sorting individual
chromosomes and/or chromosome arms from
ditelosomic lines of the cultivar Chinese Spring
to construct bacterial artificial chromosome
(BAC) libraries (15). The largest chromosome
is 3B (~1 Gb). It was the first chromosome for
which a BAC library was constructed (16) and
a physical map achieved (17). A pilot sequenc-
ing study on 13 contigs (2) suggested that genes
tend to be mainly clustered into small islands,
the presence of a twofold gene density increase
from the centromere toward the telomeres, and
a high proportion of nonsyntenic genes inter-
spersed within a conserved ancestral grass gene
backbone. It provided a proof of principle for
this strategy and opened the way for producing
a reference sequence of the large and polyploidy
wheat genome.

Sequencing and construction
of a pseudomolecule

We used a hybrid sequencing and BAC pooling
strategy to sequence 8452 BAC clones from the
minimal tiling path (MTP) that was established
during the construction of the chromosome 3B
physical map (4, 18). After the integration of
BAC-end sequences, manual curation of the scaf-
folding, gap filling, and correction of potential
sequencing errors (18), we obtained a final as-
sembly of 2808 scaffolds representing 833 Mb
with a N50 of 892 kb (i.e., half of the chromo-
some sequence is assembled in scaffolds larger
than 892 kb). We estimated that about 6% of
the chromosome sequence was not present in
the MTP BAC-based assembly through compar-
ison with the 546,922 contigs assembled from
whole-chromosome shotgun sequencing of flow-
sorted 3B DNA (19). This suggests that the size
of chromosome 3B is nearly 886 Mb—that is,
about 11% smaller than originally predicted
(16, 20). We built a pseudomolecule of chromo-
some 3B by ordering 1358 scaffolds along the
chromosome using an ordered set of 2594 an-
chor single-nucleotide polymorphism (SNP) mark-
ers. The pseudomolecule represents 774.4 Mb
(93% of the complete sequence), with a scaf-
fold N50 of 949 kb (table S1). The order of
markers was determined by linkage analysis
of a recombinant inbred line (RIL) population
derived from a cross between T. aestivum cul-
tivars Chinese Spring (reference sequence) and
Renan (a French elite cultivar) and refined by
integrating linkage disequilibrium data from
two panels and physical BAC contig information
(18). This sequence corresponds to an annotation-
directed improved high-quality draft (21) sit-
uated between the high-quality finished rice
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genome sequence and the improved draft maize
genome (13).

Annotation of genes, transcribed loci,
and transposable elements

Gene modeling led to the prediction of 7264
coding loci on the 3B pseudomolecule (Table 1),
including 5326 with a functional structure and
1938 (27%) likely corresponding to pseudogenes.
An additional 251 gene models and 188 pseudo-
genes were annotated in unanchored scaffolds.
RNA-Seq data revealed that 71.4% of the pre-
dicted genes/pseudogenes are transcribed and
led to the identification of 3692 unannotated
transcribed loci that may encode functional non-
coding RNAs or unknown proteins, hereafter
referred to as novel transcribed regions (NTRs)
(Table 1). In addition, 791 highly conserved non-
coding RNA genes involved in RNA maturation
and protein synthesis were also predicted (Table
1). Chromosome 3B appears to contain a high
number of small nuclear RNA genes (U1 to U6)
including nineU1-snRNAs (small nuclear RNAs),
seven of which are tandemly duplicated. As a
comparison, there are 14 U1-snRNAs in the en-
tireArabidopsis thaliana genome (www.plantgdb.
org). Thehighernumber ofU1-snRNAsmay reflect
a higher level of duplication in the wheat ge-
nome. We found 53,288 complete and 181,058
truncated copies of TEs, belonging to 485 TE fam-
ilies and representing 85% (640 Mb) of the 3B
pseudomolecule, through a similarity-search ap-
proach. Further de novo repeat detection (18) iden-
tified 3.6% putatively new TEs.
We estimated the putative location of the cen-

tromeric region by plotting the density of the
long terminal repeat retrotransposons (LTR-RTs)
CRW (centromeric retrotransposons of wheat)
and Quinta along the pseudomolecule. These
LTR-RTs are recognized by the centromere-
specific histone CenH3 and thus are centromere-
functional sequences (22). Two major peaks
covering a region of 122Mb (265 to 387Mb) (fig.
S1)—which includes 1 Mb previously shown as
interacting with histone CenH3 (22) and en-
compassing the centromere of the ortholo-
gous rice chromosome 1 (23)—were identified.
This region was defined as the centromeric-
pericentromeric region of chromosome 3B. A
strong correlation has been observed between
the size of the centromeres and the chromo-
somes in grasses (24), and it is likely that large
chromosomes have centromeres larger than
10 Mb. This may be critical to ensure the struc-
tural rigidity of the pericentromeric regions
needed for kinetochore co-orientation (25). Marker
assignation to either the short or the long arm
indicated the presence of a break point between
349.4 and 350.0 Mb that might be the position
of the core centromere.

Variability in recombination rate and
gene density along the chromosome

We found 787 crossover (CO) events on chro-
mosome 3B in the Chinese Spring x Renan popu-
lation, with on average 2.6 COs per chromosome
per individual, which is similar to maize [2.7 to

3.4 (26)]. Distribution of meiotic recombination
rates revealed extreme variations along the chro-
mosome. Whereas the average recombination
rate is 0.16 cM/Mb, actual values range from 0
to 2.30 cM/Mb (per 10-Mb window) (Fig. 1A).
Segmentation analysis (18) revealed partitioning
with the two distal regions of 68 Mb (region R1)
and 59 Mb (region R3) on the short and long
arms, respectively, showing recombination rates
of 0.60 cM/Mb and 0.96 cM/Mb on average, and
a large proximal region of 648 Mb (region R2)
spanning the centromere with an average recom-
bination rate of 0.05 cM/Mb (Table 2 and Fig.

1A). This provides insight into the actual phys-
ical size of the highly recombinogenic regions
previously detected at the end of the wheat chro-
mosomes (27, 28). When a narrower window of
1 Mb was used, variations ranged from 0 to 12
cM/Mb (Fig. 1A), a range similar to that observed
in maize [0.8 to 11.5 cM/Mb (26)] and sorghum
[0 to 10 cM/Mb (29)]. All crossover events oc-
curred in only 13% of the chromosomes in our
population of 305 individuals. The largest region
totally deprived of recombination corresponds
to 150 Mb and includes the putative 122-Mb
centromeric-pericentromeric region. This was
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Table 1. General features of the 3B pseudomolecule. LINEs, long interspersed nuclear elements;
SINEs, short interspersed nuclear elements; rRNA, ribosomal RNA; snoRNA, small nucleolar RNA;
TIRs, terminal inverted repeats.

Pseudomolecule sequence

Length (bps) 774,434,471

G+C content 46.16%
Protein-coding genes All Full genes Pseudogenes

No. of genes 7264 5326 1938

Average size (bps)
of coding sequences
(T standard deviation)

1095 T 807 1187 T 821 840 T 710

Average number of exons
(T standard deviation)

4.2 T 4.4 4.4 T 4.6 3.6 T 3.8

Gene density (kb−1) 107 145 400
No. of expressed genes 5185 4125 1060
No. of genes with
alternative splicing

3185 2596 589

% genes with
alternative splicing

61 63 56

Average no.
isoforms/expressed gene

5.8 5.8 5.8

NTRs 3692
Noncoding RNA genes

tRNA 589
5S rRNA 85
Others (snRNA, snoRNA) 117
Total 791

Transposable elements (TEs)
Class I Copia 15.6%

Gypsy 46.9%
Unclassified
LTR-retrotransposons 3.5%

LINEs 1.2%
SINEs 0.01%
Total class I 67.1%

Class II CACTA 16.4%
Harbinger 0.19%
Mariner 0.19%
Mutator 0.43%
hAT 0.02%
Unclassified class II
with TIRs 0.22%

Unclassified class II 0.10%
Helitron 0.01%
Total class II 17.6%

Unclassified repeats 0.81%
Total TEs 85.5%

  

http://www.plantgdb.org
http://www.plantgdb.org


confirmed by the linkage disequilibrium (LD)
pattern (fig. S2). Twenty-two regions showed a
recombination ratio higher than 1.6 cM/Mb—i.e.,
>10 times the average for this chromosome—and
thus may contain recombination hot spots (Fig.
1A). However, no significant correlation was ob-
served between the recombination rate and gene
content, coding DNA, or TE content of these
regions.
The 7264 genes are not evenly distributed, and

gene density is increasing on both arms along the
centromere-telomere axis, correlating with the
distance to the centromere (rs = 0.79, P < 2.2 ×
10–16,R2 =0.61) (Fig. 1B).Using a 10-Mbwindow, the
average gene density estimate is 9 T 5 genes/Mb,
ranging from 1.3 in the centromeric-pericentromeric
region up to 27.9 at themost telomeric end of the
short arm, a pattern commonly observed in grass
genomes. Variation of the gene density in wheat
chromosome 3B is higher than for chromosomes
in the more compact rice genome (30); lower
than in sorghum, where genes are mostly found
in the telomeric regions (31); and in the same

range as in maize, which also contains a high
percentage of TEs (13). Segmentation analysis
revealed five major regions with contrasted gene
densities (Fig. 1B) and a fourfold gradient of the
gene density—i.e., twice as many as suggested
by the pilot study on chromosome 3B (2). The
distal segments exhibiting the highest gene den-
sity (19 genes per Mb) correspond nearly to the
highly recombinogenic R1 and R3 regions (Fig.
1A). The R2 region was subdivided into three
segments, with the lowest gene density (5 genes
per Mb) in a 234-Mb segment encompassing
the centromeric-pericentromeric region. As pre-
viously suggested (2, 4), there is no large region
completely devoid of coding sequence (maximum
of 3.7 Mb). We confirmed that the intergenic
distances (IGDs) are extremely variable (aver-
age 104 T 190 kb) and that a majority (73%) of
the genes are organized in small islands, or in-
sulae (32). This suggests that most of the inter-
genic regions are under selective constraint
prevented from TE insertion. Indeed, only 29%
of the IGDs are larger than 104 kb, but they

account for 81% of the chromosome size, dem-
onstrating that TE-mediated genome expan-
sion likely occurred within a limited number of
intergenic regions.

Relationships between gene expression,
function, and chromosome location

Of all annotated genes on chromosome 3B, 71.4%
are expressed in at least one of the 15 conditions
analyzed [five organs at three developmental
stages each (table S2)], 33% in all conditions, and
5% in one only (fig. S3). On average, genes are
expressed in 10.8 of 15 conditions (considering all
predictions), and expressed genes are transcribed
into 5.8 alternative transcripts, or isoforms. Both
the expression breadth and the average number
of isoforms are distributed unevenly along the
chromosome, with a clear decrease of the two
parameters toward the telomeres (Fig. 1, C and
D). Segmentation revealed distal segments with
boundaries similar to that of regions R1 and R3
and with genes expressed in fewer conditions
than in the proximal region: 8.7 versus 11.7,
respectively (P < 2.2 × 10–16, Welch t test) (Table
2). Similarly, the average number of alternative
transcripts is higher in the proximal (6.5) than in
the distal (4.3) regions (P < 2.2 × 10–16, Welch t
test) (Table 2).
Gene ontology (GO) term enrichment was es-

timated for the R1, R2, and R3 regions (18)
(tables S3 to S5). The distal regions are enriched
in many GO categories, some being related to
adaptation (response to abiotic stimulus or re-
sponse to stress). Well-known examples of genes
related to adaptation are those involved in resist-
ance to pathogens. Chromosome 3B carries 171
genes putatively associated with disease resist-
ance (18), and their distribution is highly biased,
with 135 (79%) of them located in the distal re-
gions (whereas these regions contain just 33% of
the gene set). Such uneven distribution and the
correlation with the distribution of crossovers
suggest thatmeiotic recombination acts as amain
driver for creating variability in distal regions of
chromosome 3B.
To investigate whether such partitioning is a

common pattern of large plant genomes, we
analyzed the distribution of the gene expression
breadth in maize and barley, which both exhibit
large genome size (>1 Gb) and increased re-
combination rates at chromosomal extremities
(33, 34). In barley, segmentation analysis of the
seven chromosomes based on recombination
data identified the same pattern as on chromo-
some 3B, with two highly recombinogenic distal
regions and a large nonrecombinogenic region.
Using expression data of eight conditions (34),
we also observed that the twohigh-recombination
distal regions carry genes expressed in fewer con-
ditions than those carried by the low-recombination
proximal regions (5.9 versus 6.7; P = 2.2 × 10–16,
Welch t test) (fig. S4A). Using GO terms, we found
a significant enrichment of these regions in the
categories “cell death” and “defense response,”
which support previous findings that barley dis-
ease resistance genes are clustered in the distal
regions (34). In contrast, in maize, although we
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Fig. 1. Structural and functional partitioning of wheat chromosome 3B. Distribution and seg-
mentation analysis of (A) meiotic recombination rate (cM/Mb in sliding window of 10 Mb in black
and 1 Mb in red); (B) gene density (CDS/10 Mb); (C) expression breadth; (D) average number of
alternative spliced transcripts per expressed gene; and (E) TE content along the 3B pseudomo-
lecule. Distal regions of the chromosome R1 and R3 are represented in red. In (C), the centromeric/
pericentromeric region is in black. The borders of these regions are indicated in Mb. Sliding window
size: 10 Mb; step: 1 Mb.



observed partitioning of the recombination
rate, no gene-expression partitioning was de-
tected using RNA-Seq data of 18 conditions
(35). Overall, the expression breadth is 13.2 and
12.7 in high- and low-recombination regions,
respectively, with chromosome-specific patterns
(fig. S4B). Nevertheless, high-recombination re-
gions are also enriched in GO categories “cell
death” and “defense response to fungus and bacte-
ria,” suggesting that such genes are consistently
found in distal recombinogenic regions in large
plant genomes. These results suggest that the
partitioning observed on wheat chromosome 3B
is conserved in the Triticeae and may not reflect
a general pattern of large genomes. Alternatively,
it is possible that the active rearrangements ob-
served in the maize genome have modified this
pattern. Additional evidencewill come once other
large plant genomes (>1 Gb) are sequenced and
analyzed.

Uneven distribution of
transposable elements

LTR-RTs represent 66% of the chromosome 3B
sequence (gypsy, 47%; copia, 16%; unclassified,
3%) (Table 1), which is slightly lower than the
~75% of LTR-RT identified in the whole maize
genome (36). Only 4% (3 out of 85) of the LTR-
RT families were found in single copies, com-
pared with 41% in maize (36) and 48% in the
rice genome (37). Sixteen percent of the sequence
is composed of class II DNA transposons that
mostly correspond to CACTA elements (Table 1),
compared with 3.2% in the maize genome (13).
Only six families account for 50% of the wheat
chromosome 3B TE fraction, as previously sug-
gested from partial sequence analyses (2, 38)
and from observations in other large genomes
(36). However, in contrast to the maize genome,
in which most of the intact elements are found
in 1 to 10 copies (36), the majority of the TE fam-
ilies annotated on chromosome 3B have a higher
number of copies (10 to 1000 copies). Estimated
insertion dates for the most abundant LTR-RT
families showed a major peak at 1.5 million years
(My) but also quite specific patterns of TE activ-
ity for each family (fig. S5). Our data support the
hypothesis (2, 38) that most of the transposable
elements that shaped the B genome were in-
serted before polyploidization [0.5 million years
ago (Ma)] and have been less active since then.
Distribution of recently inserted elements re-
vealed that TE insertion occurred at a similar
rate in the distal and proximal regions. In con-
trast, older insertions (>1.5 Ma) were 1.7 times as
abundant in the R2 region compared with the R1
and R3 regions, suggesting a higher rate of TE
elimination in the distal ends of chromosome 3B.
The TE density distribution was not random

(Fig. 1E), with a lower density in the R1 (73%)
and R3 (68%) regions compared with the R2
region (88%) (Table 2). The 122-Mb centromeric-
pericentromeric region displayed the highest den-
sity (93%)of TEs. Beneath the global TEdistribution
pattern, each superfamily presents its own speci-
ficities (fig. S6). For example, CACTA transposons
are more abundant in the distal gene-rich regions

(Table 2), supporting in situ hybridization find-
ings at the whole-genome level (39). In addition,
the distribution of TE families varied on the basis
of their relative distance to genes (18) (fig. S7).
DNA transposonsMutator,Harbinger, andMITEs
are found close to genes, whereas LTR-RTs and
CACTAs tend to be located at much larger dis-
tances from the genes. For instance, the 17,479
annotated MITEs were found to be significantly
associated with genes (r = 0.89; P < 1 × 10–10), as
previously observed in plant genomes (40).

Synteny between chromosome 3B
and related grass genomes

Comparative genomics in grasses has been used
to define syntenic relationships between different
species (41, 42) and to provide insight into their
evolution since the divergence from a common an-
cestor 50 to 70 Ma (43). We compared the wheat
chromosome 3B genes (Ta3B) with the closest
sequenced relative, Brachypodium distachyon
[common ancestor, 32 to 39 Ma (44)], and with
one representative of each of the Ehrhartoideae
and Panicoideae grass subfamilies: Oryza sativa
indica [rice (30)] and Sorghum bicolor (31), re-
spectively. Wheat chromosomes of group 3 are
syntenic with chromosome 1 of rice (Os1), chro-
mosome 3 of sorghum (Sb3), and the distal parts
of B. distachyon chromosome 2 (Bd2). We first

investigated potential gene loss after polyploid-
ization by using the conserved and syntenic genes
found on chromosomes Os1, Bd2, and Sb3. These
represent the grass core genes that are expected
to be present on wheat homeologous group 3,
unless they have been lost by fractionation after
polyploidization. The finding that 94% of the
conserved genes are also present on the 3B se-
quence (Fig. 2A), which represents 94% of the
chromosome (see above), suggests that no major
gene loss has occurred in the B subgenome yet.
This is confirmed at the whole-genome level by the
results of the chromosome survey sequences
(19). In contrast, 2065 genes on chromosome 3B
(34.6%, including pseudogenes) shared similar-
ity with genes on nonorthologous chromosomes
in the other grass genomes. This proportion of
nonsyntenic genes is much higher than the 5%
(between 149 and 207) of nonsyntenic genes
found in the other grass species analyzed (Fig.
2A and table S6). It confirms previous results
showing substantial modifications and rearrange-
ments of the wheat gene space (2). When looking
at the conservation of the gene order, collinear
genes represent 42 to 68% of the genes present
on Os1, Bd2, and Sb3, whereas they represent
less than 30% of the Ta3B genes (including
pseudogenes) (table S7 and fig. S8). The spatial
distribution of syntenic and nonsyntenic genes
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Table 2. Distribution of features in the three regions of chromosome 3B as defined from the
recombination segmentation along the chromosome.

R1 R2 R3

Size (Mb) 68 648 59
Recombination rate (cM/Mb) 0.60 0.05 0.96
Genes

Predicted gene density (Mb−1) 19 7 19
Number of predicted
genes/pseudogenes 1318 4845 1,101

Full genes (no.) 910 (69%) 3682 (76%) 734 (67%)
Pseudogenes/gene
fragments (no.) 408 (31%) 1163 (24%) 367 (33%)

Mean intergenic distance (kb) 49 130 52
Expressed predicted genes (no.) 823 (62%) 3629 (75%) 733 (67%)
Expressed full genes (no.) 621 2963 541
Expressed pseudogenes/fragments (no.) 202 666 192
Average expression breadth
(per expressed gene; /15)

8.8 11.7 8.6

Average FPKM (per expressed gene) 141 255 156
Average number of isoforms
(per expressed gene)

4.2 6.5 4.4

Proportion of nonsyntenic genes* (%) 44 28 53
Proportion of intrachromosomally
duplicated genes* (%)

49 33 42

Proportion of tandemly duplicated genes* (%) 24 14 22
Proportion of dispersed duplicated genes* (%) 26 18 20
Proportion of interchromosomally
duplicated genes* (%)

36 33 37

Transposable elements (%) 73.0 88.3 68.4
Copia (%) 14.7 15.8 14.1
Gypsy (%) 31.7 50.3 27.1
CACTA (%) 18.7 15.9 19.5

*Number of duplicated genes (filtered set, including pseudogenes) divided by the total number of genes in
each region.

  



along the 3B pseudomolecule (Fig. 2B) shows an
increased proportion of nonsyntenic genes in the
R1 (44%) and R3 (53%) regions compared with
the R2 region (28%) (Table 2). This supports the
hypothesis that accelerated evolution occurred in
the wheat lineage compared with other grasses
(2, 45, 46), with insertions of nonsyntenic genes
intercalated in the ancestral grass genome back-
bone through gene duplications or translocations
that preferentially occurred in the distal recom-
bining regions.

Origin and evolution of nonsyntenic genes

With such a high proportion of nonsyntenic
genes, one key question is whether these genes
are under selection pressure or in the process of
becoming pseudogenes. On the basis of the cod-
ing sequence structure, 32% of the nonsyntenic
genes (versus 17% of syntenic genes) were an-
notated as likely pseudogenes or gene fragments.
This ratio is not surprising, given that TE activ-
ity can duplicate gene fragments that are dead
upon arrival. Expression patterns revealed that
a majority of the nonsyntenic genes (69% versus

82% of syntenic genes) are expressed in at least
one condition tested (table S8), thereby suggest-
ing that a large fraction of these relocated genes
are unlikely to be pseudogenes and may con-
tribute to recent wheat genome evolution and,
therefore, to adaptation. Interestingly, a majority
(51%) of the genes expressed in a single condi-
tion corresponds to nonsyntenic genes, whereas
80% of the genes that are expressed in all 15 con-
ditions are syntenic genes (fig. S9). This suggests
that nonsyntenic genes are involved in specific
processes that may be related to adaptation,
whereas syntenic genes tend to be associated
with essential biological processes. This hypoth-
esis is supported by the fact that putative resist-
ance genes identified on chromosome 3B are
mainly nonsyntenic genes (18). In addition, GO
term enrichment of nonsyntenic genes revealed
an overrepresentation of genes involved in re-
sponse to stress (table S9).
The fact that chromosome 3B exhibits a higher

number of genes than its orthologs in other
grasses and that at least 94% of the ancestral
grass gene backbone is conserved indicates that

most insertions of nonsyntenic genes result from
interchromosomal duplication with retention of
the parental copy. To test this hypothesis, we used
the sequences of the 18 bread wheat chromo-
somes nonhomeologous to group 3 chromosomes
(19) to search for potential parental copies of
chromosome 3B genes elsewhere in the genome
(18) (table S10). A paralog was identified for 87%
of the nonsyntenic genes (18), with no bias re-
garding the chromosomal origin of the interchro-
mosomally duplicated genes (fig. S10). Duplications
of DNA fragments to different locations in a
genome have been shown to result from double-
strand break (DSB) repair (in which a copy of the
foreign DNA is used as filler to repair the break)
or capture by active TEs (46, 47).We analyzed the
composition of the regions flanking the syntenic
versus nonsyntenic genes (20 kb on each side)
and found a high association of nonsyntenic
genes with a class II transposon superfamily:
41% more CACTAs were found around nonsyn-
tenic genes than around syntenic genes (fig. S11).
CACTA transposons are known to capture genes
(31, 48) and may have contributed substantially
to interchromosomal gene duplications in wheat.
We also investigated the time since dupli-

cation of nonsyntenic genes through the analysis
of nucleotide substitution rates (Ks) (18). In total,
63% of these duplications were older than 10 My
and, thus, are likely sharedwithin other Triticeae
species,whereas 37%arepotentiallywheat-specific.
Comparison with the barley genome survey se-
quence data (34) showed that at least 29% of the
3B nonsyntenic genes (versus 51% of the syntenic
genes) are orthologous with barley chromosome
3H, confirming that part of the nonsyntenic
genes were relocated before the divergence of
wheat and barley 10 to 14 Ma.
We next asked if the high gene duplication

activity is also observed at the intrachromosomal
level. We identified 809 gene families with two
or more copies comprising 2216 genes on chro-
mosome 3B, which is about three times as much
as in rice,Brachypodium, and sorghum (table S11).
This indicates that, in proportion,more than twice
as many genes were duplicated or retained after
intrachromosomal duplications in wheat (~37%)
compared with the other three grasses (~15 to
18%). About 46% of the duplicated genes of chro-
mosome 3B are found in tandem, whereas 54%
are dispersed duplicates (18) (table S12). In other
grass species, a majority of the duplicated genes
are organized in tandem. Given the high inter-
chromosomal duplication activity observed in our
analyses (see above), it is possible that some dis-
persed duplicates on chromosome 3B originated
through independent interchromosomal duplica-
tions rather than through intrachromosomal dupli-
cations, thereby leading to overestimates of the
latter. However, even when considering syn-
tenic dispersed duplicates—i.e., those genes that
have remained at their ancestral locus and have
undergone intrachromosomal duplication—23%
of the whole gene set appears to have originated
from recent intrachromosomal duplications,which
is still higher than in other grass species. Thus,
weconclude thatboth inter- and intrachromosomal
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Fig. 2. Inter- and intraspecific comparative analyses of the gene content of wheat chromosome
3B. (A) Venn diagram displaying the number of genes conserved between wheat chromosome 3B
(Ta3b, blue) and orthologous chromosomes in rice (Os1, red), Brachypodium (Bd2, green), and sorghum
(Sb3, purple).The numberof nonsyntenic genes is indicated in bold for each species. Distribution along the
774 Mb of the chromosome 3B pseudomolecule of the relative proportion of (B) syntenic (blue) versus
nonsyntenic (red) genes, (C) interchromosomal duplications (duplicates in red, group 3–specific genes in
blue), and (D) tandem (yellow) and dispersed (red) intrachromosomal duplications and singletons (blue).
Chromosome 3B is represented at the bottom with distal regions in red and the centromeric/
pericentromeric region in black.



rates of duplication are higher in wheat than in
the other grass species analyzed so far. Inter-
estingly, interchromosomal duplicates were
distributed uniformly along the chromosome,
whereas the proportion of tandem duplicates
slightly increased in the distal regions (Fig. 2D).
This suggests that long-distance and tandem
duplications likely arose through different mech-
anisms. Finally, expression analysis of intra-
chromosomal duplicated genes indicated that
49% of the families show expression of all co-
pies in at least one condition. Similar to what
was observed for the interchromosomal dupli-
cated genes, the intrachromosomal duplicated
genes tend to be expressed in fewer conditions as
compared with nonduplicated genes (fig. S9 and
table S8), suggesting that they may be under-
going subfunctionalization.

QTL mining

As exemplified in rice and other crops, a refer-
ence genome sequence provides a resource for
gene discovery, marker development, and allele
mining in support of crop improvement (49). We
identified 153,190 insertion site–based polymor-
phism (ISBP) markers (50) and 35,579 micro-
satellite markers along the 3B chromosome. We
also located 121 quantitative trait loci (QTLs) for
50 different traits on chromosome 3B (table S13).
Using these data,we conducted ameta-analysis that
integrates QTLs defined in independent studies (51)
and identified 18 metaQTLs with confidence
intervals covering between 1.5 and 620 Mb of the
chromosome 3B sequence. The largest one en-
compasses the centromeric region, where recombi-
nation is suppressed. Five metaQTLs with small
intervals (<10 Mb) that contain between 23
and 266 protein-coding genes and between 511
and 4049 markers are suitable for fine map-
ping (table S14).

Discussion

We present a reference sequence of chromo-
some 3B that can be used to precisely delineate
structural and functional features along a chro-
mosome and establish correlations between recom-
bination intensity, gene density, gene expression,
and evolution rate. Our results indicate that
during evolution, regions with distinct features
become delineated along chromosome 3B, in-
cluding relatively small distal regions that are
preferential targets for recombination, adaptation,
and genomic plasticity. Whether our observa-
tions reflect a general pattern for the wheat ge-
nome will need to be confirmed by the analysis
of other chromosome reference sequences. Al-
ready, some of the features—such as the CACTA
distribution, the high rate of intrachromosomal
duplication, the absence of major gene loss since
polyploidization, and the gradient of gene density—
have been confirmed at the whole-genome level
(19, 39). Moreover, the ordered chromosome 3B
sequence allowed us to distinguish duplicated
genes and provided evidence for superimposed
mechanisms of gene duplications. The high lev-
el of gene duplication (allopolyploidy and inter-
and intrachromosomal duplications) provides the

wheat genome with a vast reservoir of functional
genes that likely contribute to wheat adaptation.
On the basis of this work, the IWGSC has al-

ready defined an adapted BAC pooling strategy
to reach the same sequence quality while reducing
sequencing costs for the remaining chromosomes.
Although progress in sequencing technologies
and cost reduction allows for more cost-efficient
sequence production, the challenge of bioinfor-
matics and limitations of current sequencing
technologies remain (12). Solving these issues
and improvingmethods to efficiently anchor and
orient scaffolds within pseudomolecules should
make the assembly of high-quality reference se-
quences of complex genomes routine work in the
future. There is no doubt that, as witnessed after
the release of the rice genome sequence (49), the
number of genes cloned from wheat will grow
exponentially in the near future, thereby enabling
wheat researchers and breeders to cope with the
urgent need to improve wheat yield in the face of
climate change and food-security challenges (52).

Materials and methods

Sequencing, assembly, and scaffolding

A total of 8452 BACs representing the MTP of
wheat chromosome 3B were pooled into 922
BAC pools. Each pool was used to create a bar-
coded Roche/454 8-kb long paired-end library.
In total, 150 sequencing runs were performed,
leading to an average of 36-fold sequence cover-
age. After assembly with Newbler (Roche), we
integrated 42,551 BAC end sequences to validate
and improve scaffolding. Illumina reads gener-
ated from sorted DNA of chromosome 3B were
used to fill gaps within scaffolds and correct
potential sequencing errors remaining in the
consensus sequence (18).

Anchoring scaffolds

SNP discovery was performed through sequence
capture for 52,265 loci flanking TE junctions
representing an average density of one locus per
16.2 kb (18). Out of 39,077 SNPs distributed
along the chromosome, a subset of 3075 evenly
distributed (38.2 T 9.4 SNPs per 10 Mb) SNPs
was selected to genotype 1025 lines from recom-
binant inbred and association panels. An an-
chor genetic map was built first by linkage
analysis and integration of linkage disequilib-
rium data. A consensus map comprising 5318
markers was also built using 40 different genetic
maps to anchor additional scaffolds (18). Finally,
a position in the pseudomolecule was inferred
for scaffolds without marker information but be-
longing to an anchored physical BAC contig.

Sequence annotation

Gene modeling was performed using an im-
proved version of the TriAnnot pipeline (53).
Noncoding RNA genes were predicted using three
different programs (18), and predictions were
manually curated. Predictions of TEs and re-
construction of the pattern of nested insertions
were performed through the development of a
specific program (18) that automatically curates
similarity-search results obtained with a dedi-

cated databank comprising 4929 known wheat
TEs classified into 521 families.

Gene expression analyses

Thirty RNA samples, corresponding to RNAs
extracted in duplicates from five organs (root,
leaf, stem, spike, and grain) at three develop-
mental stages each from hexaploid wheat cultivar
Chinese Spring (4), were used for gene expres-
sion analyses. RNA-Seq libraries were constructed
using the IlluminaTruSeq (Illumina, CA, USA)
RNA sample preparation kit and sequenced.
An average of 50 T 11 million paired-end reads
per sample were mapped on the chromosome 3B
scaffolds and used to reconstruct transcripts
and estimate transcript abundance in units of
fragments per kb of exon per million mapped
reads (FPKM). Regions with FPKM values higher
than zero were considered as expressed.

Distribution and segmentation analyses

Distributions of recombination rate, gene and TE
densities, and expression breadth were calculated
within a sliding window of 10 Mb (and 1 Mb for
the recombination rate), with a step of 1 Mb along
the chromosome sequence using a homemade
Perl script. Segmentation analyses of these distribu-
tions were performed using the R package change-
point v1.0.6 (54), with Segment Neighborhoods
method and Bayesian information criterion pe-
nalty on the mean change.

Comparative genomics, gene
duplications, and molecular evolution

We performed an all-by-all Basic Local Align-
ment Search Tool for Proteins (BLASTP) [cutoff
expected value (Evalue), 1 × 10–5] comparison
between the amino-acid sequences of predicted
genes of wheat chromosome 3B, rice (Michigan
State University version 7.0), Brachypodium
(Brachypodium Sequencing Initiative, 2.0), and
sorghum (phytozome, version 1.4). We filtered
out genes with no homology with at least one
other gene in a compared species (cutoff 35%
amino acid identity and 35% sequence overlap).
Syntenic genes were defined as genes with a
best BLAST hit on an orthologous chromosome
in at least one other species. Nonsyntenic genes
were defined as genes for which the best BLAST
hit was on a nonorthologous chromosome in
the other species. Clustering of orthologous and
paralogous genes was performed using OrthoMCL
[Evalue cutoff, 1 × 10–5; percentage match cut-
off, 35% (55)]. All 3B genes clustered into the
same family were considered intrachromosomal
duplicates. 3B genes clustered in a family with
wheat gene models annotated on another chro-
mosome (19), not including genes from group 3,
were considered as interchromosomal duplicates.
Tandem duplicates were defined as genes in the
same family with five or fewer spacer genes sep-
arating them on the pseudomolecule, and dis-
persed duplicates were defined as having more
than five spacer genes. Synonymous (Ks) and non-
synonymous (Ka) substitution rates were calcu-
lated based on ClustalW 2.1 (56) coding sequence
alignments by the Nei and Gojobori method
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using codeml [part of the PAML package (57)].
Age of gene divergence was estimated by the
equation Ks/2r, where r = 6.5 × 10–9.
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A chromosome-based draft 
sequence of the hexaploid bread 
wheat (Triticum aestivum) genome
The International Wheat Genome Sequencing Consortium 

(IWGSC)

An ordered draft sequence of the 17-gigabase hexaploid bread 

wheat (Triticum aestivum) genome has been produced by se-

quencing isolated chromosome arms. We have annotated 124,201 

gene loci distributed nearly evenly across the homeologous chro-

mosomes and subgenomes. Comparative gene analysis of wheat 

subgenomes and extant diploid and tetraploid wheat relatives 

showed that high sequence similarity and structural conservation 

are retained, with limited gene loss, after polyploidization. How-

ever, across the genomes there was evidence of dynamic gene gain, 

loss, and duplication since the divergence of the wheat lineages. A 

high degree of transcriptional autonomy and no global dominance 

was found for the subgenomes. These insights into the genome 

biology of a polyploid crop provide a springboard for faster gene 

isolation, rapid genetic marker development, and precise breeding 

to meet the needs of increasing food demand worldwide.

Lists of authors and affiliations are available in the full article online. 
Corresponding author: K. X. Mayer, e-mail: k.mayer@helmholtz-muenchen.de

Read the full article at http://dx.doi.org/10.1126/science.1251788

Ancient hybridizations 
among the ancestral genomes 
of bread wheat
Thomas Marcussen, Simen R. Sandve,* Lise Heier, 

Manuel Spannagl, Matthias Pfeifer, The International Wheat 

Genome Sequencing Consortium,† Kjetill S. Jakobsen, 

Brande B. H Wulff, Burkhard Steuernagel, Klaus F. X. Mayer, 

Odd-Arne Olsen

The allohexaploid bread wheat genome consists of three closely 

related subgenomes (A, B, and D), but a clear understanding 

of their phylogenetic history has been lacking. We used genome 

assemblies of bread wheat and five diploid relatives to analyze 

genome-wide samples of gene trees, as well as to estimate evolu-

tionary relatedness and divergence times. We show that the A 

and B genomes diverged from a common ancestor ~7 million years 

ago and that these genomes gave rise to the D genome through 

homoploid hybrid speciation 1 to 2 million years later. Our findings 

imply that the present-day bread wheat genome is a product of 

multiple rounds of hybrid speciation (homoploid and polyploid) 

and lay the foundation for a new framework for understanding 

the wheat genome as a multilevel phylogenetic mosaic.

The list of author affiliations is available in the full article online.*Corresponding author. 
E-mail: simen.sandve@nmbu.no  †The International Wheat Genome Sequencing Consortium 
(IWGSC) authors and affiliations are listed in the supplementary materials. 

Read the full article at http://dx.doi.org/10.1126/science.1250092
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Triticum monococcum

Triticum polonicum L.

Triticum dicoccoides var. araraticum

Triticum boeticum

Triticum macha

Ancestral wheat

Wheat varieties and species (shown) believed to 

be the closest living relatives of modern bread wheat 

(T. aestivum). Multiple ancestral hybridizations 

occurred among most of these species, many of which 

are cultivated, and along with T. aestivum represent 

a dominant source of global nutrition.

Triticum carthlicum
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Genome interplay in the 
grain transcriptome of hexaploid 
bread wheat
Matthias Pfeifer, Karl G. Kugler, Simen R. Sandve, Bujie Zhan, 

Heidi Rudi, Torgeir R. Hvidsten, International Wheat Genome 

Sequencing Consortium,* Klaus F. X. Mayer, Odd-Arne Olsen†

Allohexaploid bread wheat (Triticum aestivum L.) provides 

approximately 20% of calories consumed by humans. Lack of 

genome sequence for the three homeologous and highly simi-

lar bread wheat genomes (A, B, and D) has impeded expression 

analysis of the grain transcriptome. We used previously unknown 

genome information to analyze the cell type–specific expression 

of homeologous genes in the developing wheat grain and identified 

distinct co-expression clusters reflecting the spatiotemporal pro-

gression during endosperm development. We observed no global 

but cell type– and stage-dependent genome dominance, organiza-

tion of the wheat genome into transcriptionally active chromo-

somal regions, and asymmetric expression in gene families related 

to baking quality. Our findings give insight into the transcriptional 

dynamics and genome interplay among individual grain cell types 

in a polyploid cereal genome.

The list of author affiliations is available in the full article online. *The International Wheat 
Genome Sequencing Consortium (IWGSC) authors and affiliations are listed in the supplementary 
materials. †Corresponding author. E-mail: odd-arne.olsen@nmbu.no

Read the full article at http://dx.doi.org/10.1126/science.1250091

Structural and functional 
partitioning of bread wheat 
chromosome 3B
Frédéric Choulet,* Adriana Alberti, Sébastien Theil, Natasha 

Glover, Valérie Barbe, Josquin Daron, Lise Pingault, Pierre 

Sourdille, Arnaud Couloux, Etienne Paux, Philippe Leroy, Sophie 

Mangenot, Nicolas Guilhot, Jacques Le Gouis, Francois Balfourier, 

Michael Alaux, Véronique Jamilloux, Julie Poulain, Céline Durand, 

Arnaud Bellec, Christine Gaspin, Jan Safar, Jaroslav Dolezel, Jane 

Rogers, Klaas Vandepoele, Jean-Marc Aury, Klaus Mayer, Hélène 

Berges, Hadi Quesneville, Patrick Wincker, Catherine Feuillet

We produced a reference sequence of the 1-gigabase chromosome 

3B of hexaploid bread wheat. By sequencing 8452 bacterial artificial 

chromosomes in pools, we assembled a sequence of 774 megabases 

carrying 5326 protein-coding genes, 1938 pseudogenes, and 85% of 

transposable elements. The distribution of structural and functional 

features along the chromosome revealed partitioning correlated 

with meiotic recombination. Comparative analyses indicated high 

wheat-specific inter- and intrachromosomal gene duplication activi-

ties that are potential sources of variability for adaption. In addition 

to providing a better understanding of the organization, function, 

and evolution of a large and polyploid genome, the availability of a 

high-quality sequence anchored to genetic maps will accelerate the 

identification of genes underlying important agronomic traits.

The list of author affiliations is available in the full article online. 
*Corresponding author. E-mail: frederic.choulet@clermont.inra.fr

Read the full article at http://dx.doi.org/10.1126/science.1249721
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Genome interplay in the grain
transcriptome of hexaploid
bread wheat
Matthias Pfeifer,1* Karl G. Kugler,1* Simen R. Sandve,2 Bujie Zhan,2 Heidi Rudi,2

Torgeir R. Hvidsten,3 International Wheat Genome Sequencing Consortium†

Klaus F. X. Mayer,1 Odd-Arne Olsen2‡

Allohexaploid bread wheat (Triticum aestivum L.) provides approximately 20% of
calories consumed by humans. Lack of genome sequence for the three homeologous
and highly similar bread wheat genomes (A, B, and D) has impeded expression analysis of the
grain transcriptome. We used previously unknown genome information to analyze the cell
type–specific expression of homeologous genes in the developing wheat grain and identified
distinct co-expression clusters reflecting the spatiotemporal progression during endosperm
development.We observed no global but cell type– and stage-dependent genome dominance,
organization of the wheat genome into transcriptionally active chromosomal regions, and
asymmetric expression in gene families related to baking quality. Our findings give insight into
the transcriptional dynamics and genome interplay among individual grain cell types in a
polyploid cereal genome.

T
he vast majority (90 to 95%) of wheat
produced in the world is the allohexaploid
bread wheat (Triticum aestivum L., 2n =
6x = 42, AABBDD) accounting for ~20%
of calories consumed by humans world-

wide. Because of global economic and social
trends, wheat-processing industries put great
emphasis on enhancing specific grain-quality
attributes. However, an allopolyploid genome
composition requires regulatory mechanisms
within the cell that can orchestrate the complex
intergenomic gene expression through genetic or
epigenetic modifications. This may result in ge-
nomic asymmetry and favored expression of in-
dividual genes from specific, single genomes
[reviewed in (1)]. For allopolyploid wheat, par-
tial or complete genome dominance has been in-
dicated as affecting traits such as grain size and
form. However, the extent and characteristics of
gene expression divergence between genomes in
different tissues at the whole-genome level is
largely unknown. The lack of a genome sequence
for bread wheat that could enable the measure-
ment of A, B, and D genome-specific transcription
has previously hindered examination (2) of the
genetic control of grain components (3, 4).

The global landscape of endosperm
gene expression

We surveyed the genome-wide patterns of cell-
type–specific gene expression, providing de-

tailed insights into the contributions of the A,
B, and D genomes to the grain transcriptome.
The bread wheat endosperm is composed of
three main cell types (Fig. 1A) (5). The starchy
endosperm (SE) accumulates starch and stor-
age proteins and forms the bulk of the grain.
The aleurone layer (AL) is a single cell layer sur-
rounding the SE, except on the ventral crease side,
where transfer cells (TCs) develop. Aleurone cells
accumulate lipids and play an essential role in
grain germination, whereas the TCs actively
transport sucrose from the photosynthetic tis-
sues to the endosperm and embryo. We applied
RNA sequencing (RNA-seq) in order to monitor
gene expression in different cell types at three
different developmental stages that reflect the
progression of starch and storage protein accu-
mulation [10, 20, or 30 days post anthesis (DPA)]
(Fig. 1A). The International Wheat Genome
Sequencing Consortium (IWGSC) bread wheat
genome survey sequence and annotation (6)
were used as a reference, enabling assignment
of the endosperm transcriptome to the three
homeologous genomes A, B, and D and allowing
the identification of previously unidentified
transcripts and isoforms (7).
In total, 46,487 out of 85,173 high-confidence

(HC) wheat genes [55%; HC1 to HC3 (6)] were
expressed during endospermdevelopment (Fig. 1B),
which is consistent with observations in Arabi-
dopsis thaliana and barley (8, 9). The number of
genes from any genome preferentially expressed
in individual cell types and developmental stages
[up-regulated compared with the other samples
(7)] varied substantially from 136 in TCs 20 DPA
to 644 in AL cells 20 DPA (Fig. 1C). Genes that
were preferentially expressed in endosperm at 10
DPA were enriched for gene ontology (GO) (10)
terms related to carbohydratemetabolic processes
and glycolysis (4, 9); AL-specific genes were en-

riched for lipid metabolism, structural develop-
ment, carbohydrate metabolic processes, and
amino acid biosynthesis (4); SE-specific genes
were enriched for carbohydrate and saccharide
metabolism (11); and TC-specific genes were
enriched for proteolysis and defense-response
genes (12). Low numbers of preferentially ex-
pressed genes in grain development have also
been observed in A. thaliana (8). This suggests
that there may be conserved regulatory princi-
ples across >100 million years of angiosperm
evolution. Moreover, the three wheat genomes
contribute about equally to the number of ex-
pressed genes in the endosperm as a whole (18
to 19%) (Fig. 1B) in each of the individual cell
types and developmental stages (Fig. 1C), as well
as to the number of preferentially expressed genes
in each cell type and stage (Fig. 1C).
Morphologically, as well as functionally, aleu-

rone and SE cells are widely different in that
aleurone cells accumulate lipid bodies and are
desiccation-tolerant, whereas SE cells accumu-
late starch granules and storage proteins and
die toward grain maturation (13). The difference
between aleurone cells and SE cells was also
apparent from our whole-genome transcriptome
analysis, in which aleurone cells exhibit a sepa-
rate expression cluster from all other samples
(Fig. 1D). In addition, gene expression profiles
related to the developmental stages were more
similar than that of cell type–expression patterns;
samples from the 20-DPA stage cluster together
(SE, TC, andW at 20DPA), whereas the clean SE
sample from 30 DPA (SE at 30 DPA) and endo-
sperm from 10DPA (Wat 10DPA) form separate
clusters. Although TCs and SE cells are highly
different in that TCs have extended cell walls
to facilitate sucrose transport, the TC sample
clustered with the SE samples, which most like-
ly is due to tightly attached SE cells. Taken to-
gether, these observations fit with characterized
endosperm cell function and the progression of
endosperm development toward grain matu-
ration (5, 13, 14).

Spatiotemporal gene expression control

Endosperm development progresses through
four phases: the syncytial phase, the cellulari-
zation phase, the differentiation phase, and the
maturation phase (13). We identified one group
of genes with spatiotemporal unspecific gene
expression (cluster 0) and seven clusters of co-
expressed genes (clusters I to VII) (Fig. 2). The
latter reflected phases of endosperm differentia-
tion and maturation, in which the industrially
important characteristics of the wheat grain are
developed. They contained from 2257 to 5369
genes (24,826 in total) without evident genome
dominance. Each cluster showed clear and dis-
tinct characteristics in terms of gene expression
profiles, enrichments of preferentially expressed
genes, and gene function enrichment (7). For ex-
ample, cluster I exhibited increased expression
in 10 DPA whole endosperm (W) when cell divi-
sions were still occurring in the periphery of the
endosperm and the transcription of storage pro-
teins and the accumulation of starch had been
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initiated. Cluster II was expressed during the
early differentiation phase, in which storage pro-
tein and starch accumulation reach their maxi-
mum. Cluster IV included a significant proportion
of genes preferentially expressed in AL cells
20DPA andwas enriched for processes related to
catalytic activity, lipid metabolic processes, and
carbohydrate metabolism. The remaining clus-
ters were characteristic for specific cell types (IV
and VI, AL; III and VII, SE; and V, TCs) in the
intermediate (III, IV, and V) and late phase (VI
and VII).
We identified 6576 homeologous gene loci

that had exactly one representative member
from each genome (referred to as homeologous
triplets; 6576 × 3 = 19,728 genes). Among these
homeologous triplets, 5939 (88%) had at least one
homeolog assigned to one of the co-expression
clusters (7). We found that only 28% of the
homeologous triplets (1663) had all three homeo-
alleles assigned to the same co-expression cluster.
For 41% (2416) of the triplets, two out of three
homeoalleles were assigned to the same co-
expression cluster, whereas for the remaining
31% (1860), all homeoalleles fell in separate clus-
ters. Co-expressed homeoalleles were uniformly
distributed across genome pairs (A and B, 818
genes, 12%; A and D, 794 genes, 12%; B and D,

804 genes, 12%) (7). Therefore, if major expres-
sion divergence between A and B homeologs
occurred in the ancestral tetraploid, our data sug-
gests that this expression divergence has been
reprogrammed in the hexaploid genome. Clusters
that are spatiotemporally related (for example,
early and intermediate development) often shared
significant numbers of homeoalleles from the
same triplets, whereas functionally different co-
expression clusters only rarely did (one-sided
Fisher’s exact test with Bonferroni adjusted P <
0.05) (Fig. 2). Analyzing homeologous genes with
single copies in only two of the genomes gave
similar results (7). Therefore, although there is ap-
parent expression divergence among homeologs,
most of this divergence is due to nonradical alter-
ations in spatiotemporal expression. Thus sub-
functionalization, rather than neo-functionalization,
appears to be occurring among the three bread
wheat genomes.

Endosperm cell type function and
module-associated genome dominance
in the grain transcriptional network

We carried out analysis of genome-wide ex-
pression patterns of the homeologous triplets
using principal component analysis and hier-
archical clustering. Samples grouped according

to genomes rather than cell types (7)—a finding
that is consistent with observations of transcrip-
tomes fromdifferent wheat organs (6). This result
demonstrated that genome-specific gene expres-
sion dominates over tissue-specific gene expres-
sion also during endosperm development. To
gain deeper insights into the transcriptional dy-
namics of homeologs, we inferred a co-expression
network that was partitioned into 25 modules
(Fig. 3A) (7). These transcriptional modules dis-
play different spatiotemporal characteristics, as
revealed by integrating the information on gene
expression at different developmental stages and
in different cell types. We found spatiotemporal
clustering of the network that separated cell
types, but also a clustering of grain develop-
mental stages (7). AL-related modules (Fig. 3A,
left, turquoise nodes) formed a large cluster of
genes that were expressed at 20 and 30 DPA and
were enriched for functions connected to, for
example, energymetabolism, vitamin biosynthesis,
and hydrolase activity. SE-related modules (Fig.
3A, left, red nodes) were more scattered and
could be linked to, for example, polysaccharide
catabolism, the glyoxylate cycle, and autophagy.
TCs (Fig. 3A, yellow nodes) formed dense, sepa-
rated clusters enriched for “response to stimulus”
functionality. Transcriptional modules enriched
formore general functionalities (such as transport
or translation) without cell type or developmental
phase specificity were also found (Fig. 3A, gray
nodes). In total, AL-related modules constituted
more than one third of the nodes (2207), whereas
the other cell types contributed to a lesser extent
(SE, 658 nodes, 11%; TC, 149 nodes, 2%). The
remaining nodes grouped either with the early
phase of endosperm development or unspecific
clusters.
We tested the transcriptional network for ge-

nome asymmetry. Different genomes dominated
expression for 23 of the modules (92%), and no
single genome proved to be overly dominant
(Fig. 3A, right) (7). Highly connected genes in
the network (hub genes) were significantly more
likely to show a genome bias than were non-hub
genes (one-sided Fisher’s exact test; P < 0.001).
They were significantly enriched inmodules that
serve as connecting layers among different re-
gions of the network (one-sided Fisher’s exact
test; P < 0.001) (Fig. 3A, inset, highlighted red).
Because hub genes display characteristic expres-
sion profiles for network modules (15), our ob-
servations suggest that these genesmight play an
important role in orchestrating genome-specific
expression in the grain transcriptome network.
We superimposed the observed genome asym-

metry to a semantic aggregation (16) of signifi-
cantly overrepresentedGOcategories. Both general
cellular functions as well as specific functions
during bread wheat grain development were at-
tributable to distinct contributions from individ-
ual genomes (Fig. 3B). These findings illustrate at
least partial functional compartmentalization of
the endosperm transcriptome among the three
genomes.
Sequence divergence analysis comparing ho-

meologous genepairs corroborated thehypothesis
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Fig. 1. Overview of the wheat endosperm transcriptome. (A) At 10 DPA, we sampled the whole
endosperm (W). At 20 DPA, we also separated the SE, the AL, and the TC layer by means of manual
dissection. At 30 DPA, the AL adheres tightly to the outermost SE cells, causing aleurone tissue to
contain contamination from SE cells (ALSE). (B) The number of wheat genes expressed (dark gray
outside line) and not expressed (lighter gray outside line) in endosperm (all cell types and devel-
opmental stages), distributed across the three genomes (green, A; purple, B; orange, D). (C) The number
of genes expressed (open bars) and preferentially expressed (solid bars) in each cell type and devel-
opmental stage. Genes are considered preferentially expressed in a sample if they are up-regulated in that
sample as compared with the other samples. (D) Hierarchical clustering of gene expression similarities of
the samples across all genes. Bootstrap values indicate the strength of the clustering [red, approximately
unbiased (au) P value; green, bootstrap probability (bp) P value].

  



of homoploid hybrid speciation of the D ge-
nome lineage (7, 17). The numbers of synony-
mous substitutions per synonymous site between
A-D and B-D homeologous genes were similar
and significantly smaller than for homeologous
gene pairs from the A and B genomes. Expression
profiles of homeologs and expression dominance
within the co-expression modules were indepen-
dent of evolutionary history and relatedness
(7). This suggests other genetic or epigenetic
regulatory mechanisms as the cause of genome
asymmetry (18–20).

Regulation of endosperm gene expression
linked to chromosomal domains

Although the regulation of gene expression is
expected to affect genes at different loci in the
genome, epigenetic mechanisms often influence
neighboring genes (21). To investigate the impact
of chromosomal positioning of genes on mRNA
abundance, wemapped 57,903 (67%) breadwheat
genes to seven Triticeae prototype chromosomes
(7) that reflect the inferred ancestral linear gene
order in the A, B, and D genomes (22, 23). Along
all chromosomes, the gene expression oscillated
to form chromosomal domains (24, 25) with only
minor divergence between the spatiotemporal
endosperm conditions (Fig. 4A) (7). This spa-
tial distribution of gene expression was to a
large extent similar between genomes. However,

we also observed chromosomal domains with
asynchronous homeologous expression patterns,
which indicates local genome asymmetry affect-
ing neighboring genes (Fig. 4B). One of these
domains (Fig. 4, blue rectangle) showed ele-
vated gene expression in the D genome. We also
found overrepresentation of differentially ex-
pressed homeologous triplets that were domi-
nated by the D genome (Fisher’s exact test; P <
0.05), which excludes gene expression diver-
gence because of variation in local gene content
between genomes. Genes located in this chro-
mosomal domain encoded proteins involved in
basal cellular processes such as DNA packaging
and transport activity. The genome-wide contri-
bution of each genome appears to be balanced,
but as well as genetic effects such as variation
in gene copy number, there is local genome
asymmetry for neighboring genes. This suggests
that epigenetic regulatory mechanisms act dif-
ferently on particular corresponding domains of
homeologous chromosomes.

Copy number and homeologous
expression in baking-quality genes

Our data set enabled us to discriminate between
transcripts from A, B, and D homeologous genes
and to identify genes encoding major protein
families known to affect dough quality (7). Genes
identified include the high- and low-molecular-

weight glutenin genes (HMW-Glu and LMW-Glu);
the a-, g-, and w-gliadins (Gli) (14); the grain-
hardness locus genes encoding puroindoline A
(pin-A) and puroindoline B (pin-B) (26); and last,
the storage protein activators (SPAs) (Fig. 5A)
(27). For both subunit types of glutenin genes,
expression levels varied substantially, reflecting
remarkable differences in the contribution of
individual genomes to overall gene expression.
Whereas the total gene expression of the LMW-
Glu was dominated by the B genome (68%), genes
of the D genome accounted for two thirds of
the total expression of the HMW-Glu subunit.
For genes of the A genome, we measured only
marginal contribution (2%), which supports the
observed inactivation of Glu-A homeoalleles in
hexaploid wheat (28, 29). We found dominance
of the D genome in the wheat hardness locus,
including the pin-A and pin-B genes, which are
exclusively encoded on the short arm of chro-
mosome 5D (26, 30) and were expressed at high
levels, as well as the three homeologous genes
of the pin-B2 locus that were expressed at sub-
stantially lower levels (31). For the single-copy
gene in each genome encoding the SPA (27), B
genome expression strongly dominated over the
expression of the A and the D homeologous gene
copies. Although the B and the D genome copies
were predominantly expressed at 10 DPA, the A
genome–derived SPA allele was almost uniformly
expressed at 10 DPA and in SE cells at 20 DPA.
For the highly repetitive a-, g-, and w-gliadins
(32–34), expression levels varied substantially
both in the number of genes and their expres-
sion levels between the A, B, and D genomes
(Fig. 5B). Whereas gene copies of the B and D
genome dominated total gene family expression,
copies of the A genome accumulated fewer tran-
scripts. For the a-gliadins encoded on chromo-
some 6S, we found several gene copies for the A
and B genomes, but strikingly, the entire a-Gli
locus was absent from the D genome. Most
likely, this lack was caused by a previously un-
described deletion of a small segment of chro-
mosome 6DS (comprising ~200 genes) (Fig. 5C).
We found the corresponding chromosomal re-
gion to be present in Aegilops tauschii, which
suggests a partial chromosomal deletion that
likely occurred after the hybridization event that
formed hexaploid bread wheat.
For the inspected gene families, we found

large genome-specific variation in the number
and abundance of genes, which implies the
presence of genomic asymmetry and preferen-
tial expression of mostly the B and D genomes.
Moreover, we observed discrepancies in genome
expression dominance in the absence of homeol-
ogous counterparts (a-Gli), potentially indicating
trans-regulatory mechanisms and cross-talk be-
tween genomes [discussed in (1)]. This com-
prehensive analysis of major grain-quality gene
families in Chinese Spring, although not a wheat
used for making bread, illustrates the utility of
measuring the number and expression levels of
homologous genes in order to provide a com-
plete picture of relevant genes for a trait un-
der study. Valuable information of associations
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Fig. 2. Spatiotemporal control of endosperm gene expression. Seven co-expression clusters (nodes I
to VII) that span the phases of progression of starch and storage protein accumulation were identified with
k-means clustering and spatially arranged so as to reflect the phases of maturation. For homeologous
triplets, spatiotemporal differences of expression patterns between individual (triplet) genememberswere
analyzed (7). Partitioning of expression for individual triplet genes was frequently observed (for example,
homeologous A and B genome–encoded genes were located in cluster I, whereas the D genome copy
clustered in cluster II). Bidirectional arrows connect pairs of clusters with a significant enrichment for
expression partitioning among homeologous triplets. Assignment of different triplet members to different
co-expression clusters is biased toward spatiotemporally related clusters (such as clusters IV and VI, late
differentiation and maturation phase of aleurone cells). Gene expression profiles across developmental
stages and cell types of each cluster are visualized by use of boxplots. Boxes span the data range between
the first and the third quartiles, and the median is represented as horizontal lines.Whiskers extend to the
most extreme data point, which is no more than 1.5 times the interquartile range away from the first and
the third quartile.



between homeologous gene levels and traits
of interest for wheat breeding, including baking
quality, has to be learned from crosses between
appropriate genotypes. This asks for future
experimentation, and our work and findings
build an important foundation that allows
monitoring similarities and differences from
genomic, transcriptional, and network-derived
angles.

Conclusions

Our findings reveal the complex interplay in gene
expression regulation during grain development
in the hexaploid bread wheat at several levels.
Genome autonomy, asymmetric contribution of
genomes to particular functions, as well as indi-
cations for regulation of chromosomal domains
were found. The study forms an important basis
for addressing the inter- and intragenomic reg-

ulation within a polyploid genome. It enables
studying the functional output in a wide range of
wheat cultivars and under different environmen-
tal regimes so as to allow the identification of
the underlying genetic and epigenetic factors
and their interplay. This will affect the improve-
ment of agronomical and industrial traits of one
of the world’s most important crops and con-
tribute to global food security.

Materials and methods

Plant material and
transcriptome sequencing

Grains of bread wheat cultivar Chinese Spring
were of the same origin as those used for
generating the reference genome sequence (6).
Plants were grown in two phytotron chambers,
and grains were harvested at 10, 20, and 30 DPA

and hand-dissected into individual cell types.
RNA was isolated and prepared for RNA-seq
by using paired-end libraries with 200–base
pair inserts for 30 samples with four biolog-
ical replicates per cell type and time point (two
replicates per room) and two additional tech-
nical replicates. Libraries were sequenced with
Illumina HiSeq. 2000 (Illumina, San Diego,
California).

Gene annotation, RNA-seq mapping, and
expression profiling

RNA-seq reads were aligned against the repeat-
masked chromosome-sorted sequence (CSS) se-
quence assembly (6)withBowtie2 (35) andTophat2
(36). Returned alignments were stringently fil-
tered so as to remove ambiguouslymapped reads
and read pairs with conflicting alignments. The
transcriptome information was used to refine the
IWGSC reference gene annotation and to iden-
tify endosperm-specific genes and alternative
splicing transcripts following the procedure of
(6) and using a reference-guided gene assembly
with Cufflinks (37). Gene expression and tests
for differentially expressed genes were computed
on RNA-seq data by using CuffDiff 2 (38), and
expression levelswere log2(FPKM+1)–transformed.
To exclude small gene fragments andpseudogenes,
further statistical analysis was constrained on
HC bread wheat genes of the class levels HC1 to
HC3 (6). Reproducibility of expression measure-
ments were evaluated based on Pearson’s cor-
relation of gene expression between biological
and technical replicates. The accuracy of com-
puted expression levels was elucidated by means
of an in silico simulation of an RNA-seq experi-
ment of comparable size. Hierarchical cluster-
ing of gene expression was performed based
on Pearson’s correlation distance and average
linkagemethod. Preferentially expressed genes
were defined by comparing the 95% confidence
interval of gene expression and significance
tests of differential gene expression (false dis-
covery rate–adjusted P < 0.05) between groups
of samples.

Identification of homeologous gene
triplets and duplets

Homeologous gene triplets were defined by the
protein sequence homology between the pre-
dicted protein sequences of genes from the A,
B, andD genomes [Basic Local Alignment Search
Tool, Protein (BLASTP), e value ≤ 10−5, alignment
identity ≥90%], requiring strictly persistent best-
bidirectional hits in all pairwise combinations.
Homeologous duplets (one gene copy is absent
in one genome) were determined from a global
OrthoMCL (39) gene family clustering of indi-
vidual wheat genomes and A. thaliana (40) and
Ae. tauschii (41).

Identification of co-expression clusters
and analysis of homeologous genes
sub-functionalization

k-means clustering was performed by using
Pearson’s correlation distance on log2-transformed
gene expression levels to group genes that showed
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Fig. 3. Analysis of homeologous gene expression. (A) The dynamics of homeologous triplet gene
expression patterns were captured in a co-expression network. Node coloring in the bottom central inset
depicts the segmentation into 25 co-expression networkmodules.The inset denotes the network,with red
circles around thosemodules that were significantly enriched for hub genes.The transcriptional network is
colored for cell type and developmental stage (left) and genome dominance (right) (7). Selected GO
categories in the center exemplify the relationship between the spatiotemporal layer and genome
asymmetry (green, A; purple, B; orange, D). (B) Significantly enriched biological process GO categories
were projected onto a two-dimensional semantic space (7, 16). Semantic representation of GO categories
was colored according to the significant overrepresentation in co-expressionmodules (green, A; purple, B;
orange, D). Color intensity reflects significance of enrichment test,with dark colors corresponding to lower
P values and white to P > 0.05. Circle radiuses depict the size of aggregated GO terms.

  



similar spatiotemporal expression profiles. Dif-
ferent values for k were validated, and k = 10
was selected as the most appropriate cluster
number according to highest overall Silhouette
coefficient. Thereby, all co-expression clusters
with instable gene-to-cluster assignments and
negative Silhouette coefficients were combined
to a “zero” cluster. The distribution of homeolo-
gous genes among the co-expression clusters was
evaluated and tested for a significant number of
transitions of homeologs between co-expression
clusters by using a one-sided Fisher’s exact test
(Bonferroni corrected P < 0.05).

Analysis of single-copy
homeologous genes

For identifying homeologous genes that were
significantly differentially expressed between the
genomes, we performed a permutation test (1000
iterations) for each condition and genome pair-
ing. To analyze the expression of strict single-
copy homeologous genes, expression values from
the A, B, and D genomes were concatenated into
a triplet expression matrix. A co-expression net-
work was then inferred by using the Weighted
CorrelationNetwork Analysis (WGCNA) approach
(42), and network modules were defined accord-
ingly (43). Module-related genome dominance
and cell type– and stage-specific expression were
assessed by use of the presence of differentially
expressed homeologs, module-wise gene expres-
sion profiles, and correlation of module eigen-
genes to predefined spatiotemporal expression
patterns. We performed functional analysis for
individual modules using the GO terms inferred
from the bread wheat gene annotation (6) and
hypergeometric tests as implemented in the
GOstats package (P < 0.05) (44). These enrich-
ments were summarized and visualized with
the REVIGOWeb server, which arranges seman-
tically similar GO terms in a two-dimensional
space (16). For each genome, we colored those
terms, which were significantly enriched in the
respective genome-dominated co-expression mod-
ules, according to the enrichment tests (P values).
For sequence-divergence analysis of homeolo-
gous genes, we estimated the number of synon-
ymous substitutions per synonymous site (KS)
and the number of nonsynonymous substitu-
tions per nonsynonymous site (KA) based on
the pairwise best-scoring protein alignments
(BLASTP) (45) using the yn00 module of the
PAML 4 suite (46).

Gene expression along the
Triticeae prototype

The strong conservation of synteny between grass
genomes and the availability of high-quality grass
genomes allowed for an approximation of linear
gene order. To position the A, B, and D genes in
a common sequential order, they were mapped
onto seven chromosome scaffolds named the
Triticeae prototype chromosomes. These arti-
ficial scaffolds were generated by integrating
syntenic genes from Brachypodium (47), rice
(48), and sorghum (49) by using gene order in-
formation from barley (50). Bread wheat genes
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Fig. 4. Local regulatory
divergence at chromo-
somal domains.
Distribution of gene
expression in 20 DPA
AL and 20 DPA SE was
analyzed along Triticeae
prototype (Tp) chromo-
some 1 by using a sliding
window algorithm
(sliding window, size
50 Tp loci and shift 10 Tp
loci). (A) Line charts
show the median gene
expression measured in
aleurone and SE cells
at 20 DPA. We observed
a strong correlation
between the expression
within chromosomal
domains among the three genomes. However, in several cases a single genome dominates the ex-
pression at specific domains, such as in the region indicated by the rectangle. (B) Heat maps display the
pairwise log2-fold changes in gene expression for each window between genomes. Triangles indicate
chromosomal regions that are significantly enriched for homeologous triplets up-regulated in a single
genome (Fisher’s exact test; P < 0.05). In the marked area, the D genome expression strongly dominates,
indicating at a chromosomal-specific regulation of expression.

Fig. 5. Genome asymmetry in gene families affecting baking quality.Gene family composition and gene
expression was analyzed for major seed storage proteins affecting baking quality of bread wheat. (A)
Dendrograms depict phylogenetic trees for the SPA, low-molecular-weight glutenin subunit (LMW-Glu), high-
molecular-weight glutenin subunit (HMW-Glu), and puroindoline (pin) A, B, and B-2 gene families. y indicates
genes for which the predicted protein sequence is interrupted by premature stop codons, frame shifts, or
repetitive elements (putative pseudogenes). Heat maps depict relative spatiotemporal gene expression, and
bar charts visualize the contribution of individual genes and genomes to the total expression measured for
each gene family. (B) The bread wheat genome and gene annotation were surveyed for a-, g-, and w-gliadin
genes (7). Coverage of query gliadin gene sequences is indicated by the connectors. Bar height in the outer
circle indicates the relative contribution of all samples to the overall gene expression of the respective family.
(C) Comparative analysis between Ae. tauschii and bread wheat revealed a previously undescribed deletion
of a small segment on chromosome 6DS in bread wheat “Chinese Spring,” including the locus encoding the
a-gliadins. Lines connect putative orthologous gene pairs of Ae. tauschii (41) and the three bread wheat
genomes as ordered by IWGSC (6).



were anchored on the scaffolds by using BLASTP
and a first best-hit criterion. Gene expression
distribution along the chromosomes was ana-
lyzed by use of a sliding window approach and
median gene expression.

Identification and analysis of wheat
grain-quality genes

Grain-quality genes were identified by use of
orthologous genes from Ae. tauschii (41) and
publically available wheat sequence informa-
tion deposited at the National Center for Bio-
technology Information. The corresponding genes
within the bread wheat genome and gene an-
notation were defined with BLAST (45) and
GenomeThreader (51) sequence homology searches
as well as OrthoMCL gene family clustering (39).
On the basis of this collective evidence and con-
sidering the RNA-seq alignment information,
the candidate loci were manually refined. Gene
expression for these genes was quantified as
reads per kilobase permillion (RPKM) (52) using
HTSeq (www-huber.embl.de/users/anders/HTSeq)
and custom python scripts. Phylogenetic trees
were inferred by using multiple protein se-
quence alignments (CLUSTALWalgorithm) (53),
a neighborhood-joining algorithm, and the av-
erage percentage identity method. Circoletto
(54) was used for comparative analysis of bread
wheat genome sequences with known gliadin
query proteins.
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A chromosome-based draft 
sequence of the hexaploid bread 
wheat (Triticum aestivum) genome
The International Wheat Genome Sequencing Consortium 

(IWGSC)

An ordered draft sequence of the 17-gigabase hexaploid bread 

wheat (Triticum aestivum) genome has been produced by se-

quencing isolated chromosome arms. We have annotated 124,201 

gene loci distributed nearly evenly across the homeologous chro-

mosomes and subgenomes. Comparative gene analysis of wheat 

subgenomes and extant diploid and tetraploid wheat relatives 

showed that high sequence similarity and structural conservation 

are retained, with limited gene loss, after polyploidization. How-

ever, across the genomes there was evidence of dynamic gene gain, 

loss, and duplication since the divergence of the wheat lineages. A 

high degree of transcriptional autonomy and no global dominance 

was found for the subgenomes. These insights into the genome 

biology of a polyploid crop provide a springboard for faster gene 

isolation, rapid genetic marker development, and precise breeding 

to meet the needs of increasing food demand worldwide.

Lists of authors and affiliations are available in the full article online. 
Corresponding author: K. X. Mayer, e-mail: k.mayer@helmholtz-muenchen.de

Read the full article at http://dx.doi.org/10.1126/science.1251788

Ancient hybridizations 
among the ancestral genomes 
of bread wheat
Thomas Marcussen, Simen R. Sandve,* Lise Heier, 

Manuel Spannagl, Matthias Pfeifer, The International Wheat 

Genome Sequencing Consortium,† Kjetill S. Jakobsen, 

Brande B. H Wulff, Burkhard Steuernagel, Klaus F. X. Mayer, 

Odd-Arne Olsen

The allohexaploid bread wheat genome consists of three closely 

related subgenomes (A, B, and D), but a clear understanding 

of their phylogenetic history has been lacking. We used genome 

assemblies of bread wheat and five diploid relatives to analyze 

genome-wide samples of gene trees, as well as to estimate evolu-

tionary relatedness and divergence times. We show that the A 

and B genomes diverged from a common ancestor ~7 million years 

ago and that these genomes gave rise to the D genome through 

homoploid hybrid speciation 1 to 2 million years later. Our findings 

imply that the present-day bread wheat genome is a product of 

multiple rounds of hybrid speciation (homoploid and polyploid) 

and lay the foundation for a new framework for understanding 

the wheat genome as a multilevel phylogenetic mosaic.

The list of author affiliations is available in the full article online.*Corresponding author. 
E-mail: simen.sandve@nmbu.no  †The International Wheat Genome Sequencing Consortium 
(IWGSC) authors and affiliations are listed in the supplementary materials. 

Read the full article at http://dx.doi.org/10.1126/science.1250092
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Triticum monococcum

Triticum polonicum L.

Triticum dicoccoides var. araraticum

Triticum boeticum

Triticum macha

Ancestral wheat

Wheat varieties and species (shown) believed to 

be the closest living relatives of modern bread wheat 

(T. aestivum). Multiple ancestral hybridizations 

occurred among most of these species, many of which 

are cultivated, and along with T. aestivum represent 

a dominant source of global nutrition.

Triticum carthlicum
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Genome interplay in the 
grain transcriptome of hexaploid 
bread wheat
Matthias Pfeifer, Karl G. Kugler, Simen R. Sandve, Bujie Zhan, 

Heidi Rudi, Torgeir R. Hvidsten, International Wheat Genome 

Sequencing Consortium,* Klaus F. X. Mayer, Odd-Arne Olsen†

Allohexaploid bread wheat (Triticum aestivum L.) provides 

approximately 20% of calories consumed by humans. Lack of 

genome sequence for the three homeologous and highly simi-

lar bread wheat genomes (A, B, and D) has impeded expression 

analysis of the grain transcriptome. We used previously unknown 

genome information to analyze the cell type–specific expression 

of homeologous genes in the developing wheat grain and identified 

distinct co-expression clusters reflecting the spatiotemporal pro-

gression during endosperm development. We observed no global 

but cell type– and stage-dependent genome dominance, organiza-

tion of the wheat genome into transcriptionally active chromo-

somal regions, and asymmetric expression in gene families related 

to baking quality. Our findings give insight into the transcriptional 

dynamics and genome interplay among individual grain cell types 

in a polyploid cereal genome.

The list of author affiliations is available in the full article online. *The International Wheat 
Genome Sequencing Consortium (IWGSC) authors and affiliations are listed in the supplementary 
materials. †Corresponding author. E-mail: odd-arne.olsen@nmbu.no

Read the full article at http://dx.doi.org/10.1126/science.1250091

Structural and functional 
partitioning of bread wheat 
chromosome 3B
Frédéric Choulet,* Adriana Alberti, Sébastien Theil, Natasha 

Glover, Valérie Barbe, Josquin Daron, Lise Pingault, Pierre 

Sourdille, Arnaud Couloux, Etienne Paux, Philippe Leroy, Sophie 

Mangenot, Nicolas Guilhot, Jacques Le Gouis, Francois Balfourier, 

Michael Alaux, Véronique Jamilloux, Julie Poulain, Céline Durand, 

Arnaud Bellec, Christine Gaspin, Jan Safar, Jaroslav Dolezel, Jane 

Rogers, Klaas Vandepoele, Jean-Marc Aury, Klaus Mayer, Hélène 

Berges, Hadi Quesneville, Patrick Wincker, Catherine Feuillet

We produced a reference sequence of the 1-gigabase chromosome 

3B of hexaploid bread wheat. By sequencing 8452 bacterial artificial 

chromosomes in pools, we assembled a sequence of 774 megabases 

carrying 5326 protein-coding genes, 1938 pseudogenes, and 85% of 

transposable elements. The distribution of structural and functional 

features along the chromosome revealed partitioning correlated 

with meiotic recombination. Comparative analyses indicated high 

wheat-specific inter- and intrachromosomal gene duplication activi-

ties that are potential sources of variability for adaption. In addition 

to providing a better understanding of the organization, function, 

and evolution of a large and polyploid genome, the availability of a 

high-quality sequence anchored to genetic maps will accelerate the 

identification of genes underlying important agronomic traits.

The list of author affiliations is available in the full article online. 
*Corresponding author. E-mail: frederic.choulet@clermont.inra.fr

Read the full article at http://dx.doi.org/10.1126/science.1249721
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WHEAT GENOME

Ancient hybridizations among the
ancestral genomes of bread wheat
Thomas Marcussen,1* Simen R. Sandve,1*† Lise Heier,2 Manuel Spannagl,3

Matthias Pfeifer,3 The International Wheat Genome Sequencing Consortium,‡
Kjetill S. Jakobsen,4 Brande B. H. Wulff,5 Burkhard Steuernagel,5

Klaus F. X. Mayer,3 Odd-Arne Olsen1

The allohexaploid bread wheat genome consists of three closely related subgenomes
(A, B, and D), but a clear understanding of their phylogenetic history has been lacking.
We used genome assemblies of bread wheat and five diploid relatives to analyze
genome-wide samples of gene trees, as well as to estimate evolutionary relatedness
and divergence times. We show that the A and B genomes diverged from a common
ancestor ~7 million years ago and that these genomes gave rise to the D genome through
homoploid hybrid speciation 1 to 2 million years later. Our findings imply that the
present-day bread wheat genome is a product of multiple rounds of hybrid speciation
(homoploid and polyploid) and lay the foundation for a new framework for understanding
the wheat genome as a multilevel phylogenetic mosaic.

T
he rise of modern agriculture and wheat
domestication in the Fertile Crescent
~10,000 years ago (1–4) was pivotal in
shapingmodern humanhistory. Early farm-
ing practicesmadeuse ofwild diploidwheat

species (i.e., Aegilops and Triticum species), but
as agriculture evolved, wild crops were gradu-
ally substituted with domesticated diploid and
polyploid wheat varieties (3, 4). Presently, the
allohexaploid bread wheat (Triticum aestivum,
2n=6x=42chromosomes;genomiccodeAABBDD)
dominates global wheat production. Because
of its economic value and the desire for its ge-
netic improvement, questions concerning the evo-
lution and domestication of wheat have been
under intense scientific scrutiny (5, 6).
The bread wheat subgenomes A, B, and D were

originally derived from three diploid (2x; 2n = 14)
species within tribe Triticeae [see figure 1 in (7)]:
Triticum urartu (AA), an unknown close relative
of Aegilops speltoides (BB), and Ae. tauschii (DD)
(4, 8). The initial allopolyploidization event is
hypothesized to have involved the A and B ge-
nome donors, resulting in the extant tetraploid
emmer wheat (T. turgidum; AABB). This spe-
cies subsequently hybridized with the D genome
donor to form modern hexaploid bread wheat
(AABBDD) (4, 8).
Tetraploid emmer wheat is believed to have

originated within the past few hundred thou-
sand years (9), whereas hexaploid bread wheat

is thought to have originated with modern agri-
culture ~10,000 years ago (4). The time of origin
for hexaploid bread wheat is currently supported
solely by archeological evidence (2, 3) and the
apparent absence of hexaploid wheats in wild
populations (4). Although the relatedness be-
tween the bread wheat subgenomes and diploid
wheat species has been well documented (8, 10),
a clear understanding of the phylogenetic history
and divergence times among the three A, B, and
D genome lineages is still lacking (9, 11–13). This
knowledge gap is mainly a consequence of the
paucity of Triticeae fossils (14), which has pre-
vented investigations of diversification through
time; extensive topological discordance between

wheat gene trees (15); and, most importantly, the
lack of genome sequences of the hexaploid bread
wheat and its close diploid relatives. Improved
understanding of the phylogenetic relationships
among the diploid species of wheat and the bread
wheat subgenomes is important for understand-
ing genome function and for future agricultural
crop improvement in light of a changing global
climate (16).

Gene tree topology analyses

We used the genome sequences of hexaploid
bread wheat subgenomes (denoted TaA, TaB, and
TaD) and five diploid relatives (T. monococcum,
T. urartu, Ae. sharonensis, Ae. speltoides, and
Ae. tauschii) (7, 17, 18) to generate a genome-wide
sample of 275 gene trees and to estimate the phy-
logenetic history of the A, B, and D genome lin-
eages. Barley (Hordeum vulgare), Brachypodium
distachyon, and rice (Oryza sativa) were used as
outgroup species. To generate multiple alignments
of ortholog genes, we employed a phylogeny-
aware strategy (19), which simultaneously filters
alignments for unreliably aligned codon sites and
putative erroneously predicted ortholog sequen-
ces (fig. S1 and supplementarymaterials andmeth-
ods). Finally, we used BEAST (20) to calculate
gene trees topologies.
We found that the basal relatedness among

the three lineages A, B, and D varied substan-
tially among the 275 gene trees, with the lineage
topologies A(B,D) and B(A,D) each being about
twice as common as D(A,B) (Fig. 1A and Table 1).
Stochastic population genetic processes typically
cause incomplete lineage sorting (ILS), which
results in topological discordance (i.e., varia-
tion in topology) among individual gene trees.
For three taxa under ILS alone, the gene tree
topology that equals the species tree topology
is expected to be more common than the other
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Fig. 1. Analyses of gene tree topologies. (A) Superimposed ultrametric gene trees in a consensus
DensiTree plot. The branch color changes for every 100 trees plotted. (B) Topology-based species
phylogeny, assuming incomplete lineage sorting using a data set of 2269 gene trees inferred by
PhyloNet. The results presented represent analyses of all gene trees (2269). The numbers on the
branches represent estimates of parental contributions to the hybrid. Range estimates of parental
contribution are extrapolated from results reported in Table 1. Species names are abbreviated as fol-
lows: Ash, Aegilops sharonensis; Asp, Ae. speltoides; At, Ae. tauschii; Tm, Triticum monococcum; Tu,
T. urartu; Hv, Hordeum vulgare; TaA, T. aestivum A subgenome; TaB, T. aestivum B subgenome;
TaD, T. aestivum D subgenome; Bd, Brachypodium distachyon; Os, Oryza sativa.



two. However, for our data the observed lineage
topology ratios differed significantly [P < 0.01;
likelihood ratio test; df = 1 (Table 1)] from this
expectation. This suggests the presence of phy-
logenetic signals additional to ILS in the data.
Except in rare instances of deep coalescence,
breadwheat homeologs consistently formedmo-
nophyletic clades with orthologs of their close
diploid relatives (Fig. 1A), and never with each
other. This rules out nonhomologous gene con-
version and nonhomologous recombination as
explanations for the observed topological dis-
cordance. To enable analyses of individual chro-
mosomes, we also made use of a considerably
larger data set of 2269maximum likelihood gene
tree topologies taken from (7), which did not in-
clude the diploid Triticum and Aegilops species.
These gene trees support genome-wide signals
of significantly skewed topology frequencies,
with B(A,D) and A(D,B) topologies being most
common (Table 1). Taken together, these results
suggest that lineages A and B are more closely
related toD individually than to each other, which
agrees with a model of hybrid origin of the D
lineage (Fig. 1B).
Under the assumption of ILS and a hybrid

origin of the D lineage from the A and B lineages,
analysis of tree topology frequencies revealed
roughly equal contributions of each parental lin-
eage to the D lineage (Table 1). There was con-
siderable stochasticity among the different data
subsets, and between 65 and 87% of the genes
displayed deep coalescence for the target nodes.
Similar results were obtained with a topology-
based parsimony approach to estimate phyloge-
netic genome networks under the assumption of
a single homoploid hybridization at the genome-
wide level (Fig. 1B) and for the majority of the
chromosome-specific analyses (table S4). Finally,
~80% of the genes could be anchored to a chro-

mosome position in the hexaploid genome using
the in silico gene order predictions from the bread
wheat genome sequence (7). Such positional in-
formation can be used to investigate whether
different regions of the genome have distinct phy-
logenetic signals—that is, conserved chromosome
blocks from the parental genomes. Homeologs
within gene trees showed highly conserved syn-
tenic relationships (fig. S3); however, anchoring
of gene tree topologies to chromosome positions
in bread wheat did not support the presence of
larger chromosome blocks with a single paren-
tal origin (7), indicating a relatively homogeneous
hybrid signal throughout the D subgenome.

Genome divergence times

Because topology-based phylogenetic analyses
do not consider the temporal scale, we used a
Bayesian hierarchical model to further estimate
the genome divergence times under the multi-
species coalescent (21) from pairwise ortholog
coalesent distributions. This approach does not
assume a treelike species phylogeny and can han-
dle very large data sets.
Concurrent with the topology-based analyses

(Fig. 2, A andB, and fig. S4), genome divergence
estimates showed no signs of being affected by
nonhomologous gene conversion or recombina-
tion within the hexaploid genome, which would
have resulted in shallow coalescence of bread
wheat subgenomes (figs. S4 and S5). The basal
divergence in Aegilops/Triticum was estimated
to have occurred between the A and the B ge-
nome lineages ~7 million years ago (Ma) (Table 2).
Both A-D and B-D divergence times overlap and
are estimated to be 1 to 2 million years younger
than the A-B divergence (Fig. 2, A and B). This
contradicts a treelike phylogeny for the three
subgenome lineages (Table 2 and Fig. 2A) and
favors a model of hybridization between the A

and B genomes, giving rise to the D genome. Ge-
nome divergence times did not support the more
complex models of hybridization patterns, as sug-
gested by the topology analyses assuming two
hybridization events (table S4). Furthermore,
the majority of the analyses produced slightly
younger divergence of A and D lineages compared
with B and D lineages (Fig. 2A and Table 2),
indicating that gene flow from A to D may have
persisted after gene flow from B to D had ceased.
The identification of hybridization events in

phylogenies strongly depends on taxon sam-
pling. Nevertheless, given that the hybridization
event happened basally in the Triticum/Aegilops
clade and that the 15 extant diploid species all
seem to fall within one of the three lineages A, B,
and D (fig. S6), the hybridization pattern is likely
to remain unaltered, even with a denser sam-
pling of wheat species. Beyond the phylogenetic
evidence presented here, support for a homo-
ploid hybrid origin of the D genome is found in
independent analyses using the genome sequence
of bread wheat. Both at the base-pair level (7, 22)
as well as in gene content (7), the A and B lin-
eages are more similar to the D genome lineage
than they are to each other.
Although the existence of homoploid hybrid

speciation has been acknowledged for well more
than a century (23), it has only recently been rec-
ognized as a relatively common phenomenon
(24–26). Our data support a homoploid hybrid
origin of the bread wheat D genome lineage an-
cestor more than 5 Ma, which is among the
oldest cases of homoploid hybrid speciation
reported to date.

Divergence of polyploid genomes from
diploid relatives

Genome divergence estimates showed that
T. monococcum and T. urartu are successive
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Table 1. Distribution of ABD lineage topologies in gene trees. Analyses
were made on different data subsets: diploid genomes only (2x), hexaploid
genomes only (6x), and either whole genomes or gene trees from individual
chromosomes (Chr.). Interrelationships within the A, D, and B clades are not
considered in the data set that includes diploids.Topologies including diploids
were estimated with Bayesian MCMC sampling using the HKY+G nucleotide

substitution model, whereas topologies excluding diploids were taken from
IWGSC (7) and represent maximum likelihood topologies under the GTR+I+G
model. Bold numbers represent the largest topology group. The likelihood
ratio test was used to test the probability (P) of observing the data under the
model of multispecies coalescent and the (conservative) assumption that the
most common observed tree topology equaled the species tree topology.

Genomes Genes Sample
Observed
topologies

Proportion of
genes with deep
coalescence

Parental
contributions

in D

Likelihood
ratio
test P

A,(B,D) B,(A,D) D,(A,B) A B

2x 275 Whole genome* 112 100 63 0.69 0.43 0.57 0.0036‡
275 Whole genome† 109 101 65 0.71 0.45 0.55 0.0050‡

6x 275 Whole genome 107 105 63 0.69 0.49 0.51 0.0058‡
2269 Whole genome 786 909 574 0.76 0.61 0.39 8.4 × 10–9‡

324 Chr. 1 109 137 78 0.72 0.66 0.34 0.023§
428 Chr. 2 131 191 106 0.74 0.77 0.23 0.10
321 Chr. 3 111 141 69 0.65 0.63 0.37 0.0016‡
305 Chr. 4 121 102 82 0.81 0.34 0.67 0.14
347 Chr. 5 127 129 91 0.79 0.52 0.49 0.015§
290 Chr. 6 99 117 74 0.77 0.63 0.37 0.057
254 Chr. 7 88 92 74 0.87 0.56 0.44 0.27

*A lineage represented by T. monococcum, excluding T. urartu. †A lineage represented by T. urartu, excluding T. monococcum. ‡Significant at P < 0.01.
§Significant at P < 0.05.

  



sisters to TaA, Ae. speltoides is sister to TaB,
and Ae. sharonensis and Ae. tauschii are suc-
cessive sisters to TaD (Fig. 2B and table S5).
To elucidate the timing of the polyploid spe-
ciations giving rise to emmer and bread wheat,
we analyzed the pairwise coalescence distribu-
tions of the TaA and TaD genomes and the
closest related diploid species, T. urartu and
Ae. tauschii, respectively (Fig. 2B). We estimated
the T. urartu-TaA divergence to 0.58 to 0.82 Ma
and the Ae. tauschii–TaD divergence to 0.23
to 0.43 Ma (Fig. 2B and Table 1), suggesting
that the age of these two polyploidization
events could be older than previously suggested
(4, 9). It is however important to note that this
study includes only single-genome samples from
T. urartu and Ae. tauschii and that these

samples are not likely to represent plants from
the actual ancestor populations that gave rise
to the A and D genome constituents. Hence,
our genome divergence estimates between dip-
loid and hexaploid genomes are likely to re-
flect population divergence events before the
actual polyploidization times, and additional
analyses of broad samples of both T. urartu
and Ae. tauschii populations are needed to fur-
ther improve the accuracy of the polyploidization
time estimates (27).

Conclusions

Our study exemplifies how analyses of whole-
genome data sets can aid in resolving convoluted
patterns of genome evolution caused by ancient
hybridization events. We elucidate genome-wide

signatures of hybrid ancestry of the wheat D lin-
eage from A and B lineage ancestors (Fig. 3).
Not only is bread wheat a product of hybrid-
ization and allopolyploidization involving the
A, B, and D genomes, but also the ancestral lin-
eages of these three genomes are the result of
ancestral hybridization events among themselves.
Our findings could have broad implications for
understanding genome function and, thus, culti-
var improvement in bread wheat.

Methods

Sequence data for T. urartu and Ae. tauschii
were downloaded fromGenBank (accession num-
bers AOTI00000000 and AOCO000000000.1, re-
spectively). All other sequences were downloaded
from the International Wheat Genome Sequenc-
ing Consortium (IWGSC) sequence repository at
Institut National de la Recherche Agronomique
(http://wheat-urgi.versailles.inra.fr/Seq-Repository/
Genes-annotations). Preliminary ortholog predic-
tions were carried out with OrthoMCL (28). Only
orthologous gene sets containing single-gene
copies from all species were used. A phylogeny-
aware sequence alignment pipeline modified from
(19) was implemented in R language usingMAFFT
(29) to construct multiple sequence alignments,
GUIDANCE (30) to assess sequence alignment
quality, and phangorn (31) to construct maxi-
mum likelihood topologies, which were used to
evaluate ortholog relationships within gene trees.
Ultrametric gene trees were estimated in BEAST
(20), based on a secondary calibration on the
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Fig. 2. Coalescent-based genome divergence analyses. Coalescence times were estimated as
the median of Bayesian MCMC sampling in BEAST. Genome divergence estimates were inferred
with a Bayesian hierarchical model throughWinBUGS and the R2OpenBUGS R package (35). (A)
Divergence times (mean, 95% credibility interval) for the genome lineages A, B, and D for 2269
gene trees, excluding diploid species. A-B, blue; A-D, red; B-D, green. (B) Genome divergence
network including diploid and hexaploid wheat genomes. Node age is given as mean genome
divergence time, estimated independently for each pair of species representing that node. For
nodes with more than two decendant tips, age is given as the mean for all relevant pairwise
species comparisons, and bars span from the lowest minimal to the highest maximal 95% bound
for their credibility intervals. Due to evidence of recent interlineage hybridizations (both in
topology and coalescence analyses) in the Ae. sharonensis and Ae. speltoides genomes, these
species are not considered in the estimation of the ancestral A, B, and D lineage divergence.

Table 2. Estimated genome divergence times. All age estimates are given in units of million years ago
as 95% credibility intervals (CIs). The CI of the Tm-TaA divergence and the CI of the At-TaD divergence
represent the summarized CI ranges of two hierarchical Bayesian models using median plus median.The
Tm-TaA divergence and the At-TaD divergence are expected to be overestimates of the actual poly-
ploidization times due to the fact that the true ancestral populations to the A and D subgenomes in
bread wheat were not sampled. Species names are abbreviated as follows: At, Aegilops tauschii; Tm,
Triticum monococcum; TaA, T. aestivum A subgenome; TaD, T. aestivum D subgenome. Dashes indicate
no data.

Data set
TMRCA

A-B A-D B-D Tm-TaA At-TaD

275 gene trees 6.11–6.99 5.20–6.11 5.31–6.19 0.59–0.82 0.23–0.43
2269 gene trees 6.47–6.83 5.43–5.78 5.79–6.14 – –

http://wheat-urgi.versailles.inra.fr/Seq-Repository/Genes-annotations
http://wheat-urgi.versailles.inra.fr/Seq-Repository/Genes-annotations


Brachypodium crown node (fig. S2). All analy-
ses of topologies were carried out with the APE
R package (32). Estimations of parental genome
contributions and species networks from gene
tree topologies were calculated using parsimo-
nious inference of hybridization in the presence
of ILS (33) implemented in PhyloNet (34) and
with a coalescent-based method (described in the
supplementary materials). Topology-independent
genome divergence times were estimated under
the multispecies coalescent model with hierar-
chical modeling using BUGS (Bayesian inference
Using Gibbs Sampling) (www.openbugs.net/
w/FrontPage) through the R2OpenBUGS R
package (35).
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Fig. 3. Model of the phylogenetic history
of bread wheat (Triticum aestivum;
AABBDD). Approximate dates for
divergence and the three hybridization
events are given in white circles in units of
million years ago. Differentiation of thewheat
lineage (Triticum and Aegilops) from a
common ancestor into the A and B
genome lineages began ~6.5 Ma.The first
hybridization occurred ~5.5 Ma between
the A and B genome lineages and led to
the origin of the D genome lineage by
homoploid hybrid speciation.The second
hybridization, between a close relative (BB)
of Ae. speltoides and T. urartu (AA), gave
rise to the allotetraploid emmer wheat
(T. turgidum; AABB) by polyploidization.
Bread wheat originated by allopolyploidization
from a third hybridization, between emmer
wheat and Ae. tauschii (DD).The three
diploid lineages are indicated with color and
labels. Inflorescences (spikes) illustrate
extant species closely related to those
involved in the polyploidizations.
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A chromosome-based draft 
sequence of the hexaploid bread 
wheat (Triticum aestivum) genome
The International Wheat Genome Sequencing Consortium 

(IWGSC)

An ordered draft sequence of the 17-gigabase hexaploid bread 

wheat (Triticum aestivum) genome has been produced by se-

quencing isolated chromosome arms. We have annotated 124,201 

gene loci distributed nearly evenly across the homeologous chro-

mosomes and subgenomes. Comparative gene analysis of wheat 

subgenomes and extant diploid and tetraploid wheat relatives 

showed that high sequence similarity and structural conservation 

are retained, with limited gene loss, after polyploidization. How-

ever, across the genomes there was evidence of dynamic gene gain, 

loss, and duplication since the divergence of the wheat lineages. A 

high degree of transcriptional autonomy and no global dominance 

was found for the subgenomes. These insights into the genome 

biology of a polyploid crop provide a springboard for faster gene 

isolation, rapid genetic marker development, and precise breeding 

to meet the needs of increasing food demand worldwide.
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Ancient hybridizations 
among the ancestral genomes 
of bread wheat
Thomas Marcussen, Simen R. Sandve,* Lise Heier, 

Manuel Spannagl, Matthias Pfeifer, The International Wheat 

Genome Sequencing Consortium,† Kjetill S. Jakobsen, 

Brande B. H Wulff, Burkhard Steuernagel, Klaus F. X. Mayer, 

Odd-Arne Olsen

The allohexaploid bread wheat genome consists of three closely 

related subgenomes (A, B, and D), but a clear understanding 

of their phylogenetic history has been lacking. We used genome 

assemblies of bread wheat and five diploid relatives to analyze 

genome-wide samples of gene trees, as well as to estimate evolu-

tionary relatedness and divergence times. We show that the A 

and B genomes diverged from a common ancestor ~7 million years 

ago and that these genomes gave rise to the D genome through 

homoploid hybrid speciation 1 to 2 million years later. Our findings 

imply that the present-day bread wheat genome is a product of 

multiple rounds of hybrid speciation (homoploid and polyploid) 

and lay the foundation for a new framework for understanding 

the wheat genome as a multilevel phylogenetic mosaic.

The list of author affiliations is available in the full article online.*Corresponding author. 
E-mail: simen.sandve@nmbu.no  †The International Wheat Genome Sequencing Consortium 
(IWGSC) authors and affiliations are listed in the supplementary materials. 

Read the full article at http://dx.doi.org/10.1126/science.1250092
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Triticum monococcum

Triticum polonicum L.

Triticum dicoccoides var. araraticum

Triticum boeticum

Triticum macha

Ancestral wheat

Wheat varieties and species (shown) believed to 

be the closest living relatives of modern bread wheat 

(T. aestivum). Multiple ancestral hybridizations 

occurred among most of these species, many of which 

are cultivated, and along with T. aestivum represent 

a dominant source of global nutrition.

Triticum carthlicum

Published by AAAS



Genome interplay in the 
grain transcriptome of hexaploid 
bread wheat
Matthias Pfeifer, Karl G. Kugler, Simen R. Sandve, Bujie Zhan, 

Heidi Rudi, Torgeir R. Hvidsten, International Wheat Genome 

Sequencing Consortium,* Klaus F. X. Mayer, Odd-Arne Olsen†

Allohexaploid bread wheat (Triticum aestivum L.) provides 

approximately 20% of calories consumed by humans. Lack of 

genome sequence for the three homeologous and highly simi-

lar bread wheat genomes (A, B, and D) has impeded expression 

analysis of the grain transcriptome. We used previously unknown 

genome information to analyze the cell type–specific expression 

of homeologous genes in the developing wheat grain and identified 

distinct co-expression clusters reflecting the spatiotemporal pro-

gression during endosperm development. We observed no global 

but cell type– and stage-dependent genome dominance, organiza-

tion of the wheat genome into transcriptionally active chromo-

somal regions, and asymmetric expression in gene families related 

to baking quality. Our findings give insight into the transcriptional 

dynamics and genome interplay among individual grain cell types 

in a polyploid cereal genome.

The list of author affiliations is available in the full article online. *The International Wheat 
Genome Sequencing Consortium (IWGSC) authors and affiliations are listed in the supplementary 
materials. †Corresponding author. E-mail: odd-arne.olsen@nmbu.no

Read the full article at http://dx.doi.org/10.1126/science.1250091

Structural and functional 
partitioning of bread wheat 
chromosome 3B
Frédéric Choulet,* Adriana Alberti, Sébastien Theil, Natasha 

Glover, Valérie Barbe, Josquin Daron, Lise Pingault, Pierre 

Sourdille, Arnaud Couloux, Etienne Paux, Philippe Leroy, Sophie 

Mangenot, Nicolas Guilhot, Jacques Le Gouis, Francois Balfourier, 

Michael Alaux, Véronique Jamilloux, Julie Poulain, Céline Durand, 

Arnaud Bellec, Christine Gaspin, Jan Safar, Jaroslav Dolezel, Jane 

Rogers, Klaas Vandepoele, Jean-Marc Aury, Klaus Mayer, Hélène 

Berges, Hadi Quesneville, Patrick Wincker, Catherine Feuillet

We produced a reference sequence of the 1-gigabase chromosome 

3B of hexaploid bread wheat. By sequencing 8452 bacterial artificial 

chromosomes in pools, we assembled a sequence of 774 megabases 

carrying 5326 protein-coding genes, 1938 pseudogenes, and 85% of 

transposable elements. The distribution of structural and functional 

features along the chromosome revealed partitioning correlated 

with meiotic recombination. Comparative analyses indicated high 

wheat-specific inter- and intrachromosomal gene duplication activi-

ties that are potential sources of variability for adaption. In addition 

to providing a better understanding of the organization, function, 

and evolution of a large and polyploid genome, the availability of a 

high-quality sequence anchored to genetic maps will accelerate the 

identification of genes underlying important agronomic traits.

The list of author affiliations is available in the full article online. 
*Corresponding author. E-mail: frederic.choulet@clermont.inra.fr

Read the full article at http://dx.doi.org/10.1126/science.1249721
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WHEAT GENOME

A chromosome-based draft sequence
of the hexaploid bread wheat
(Triticum aestivum) genome
The International Wheat Genome Sequencing Consortium (IWGSC)*†

An ordered draft sequence of the 17-gigabase hexaploid bread wheat (Triticum aestivum)
genome has been produced by sequencing isolated chromosome arms. We have annotated
124,201 gene loci distributed nearly evenly across the homeologous chromosomes
and subgenomes. Comparative gene analysis of wheat subgenomes and extant diploid
and tetraploid wheat relatives showed that high sequence similarity and structural
conservation are retained, with limited gene loss, after polyploidization. However, across
the genomes there was evidence of dynamic gene gain, loss, and duplication since the
divergence of the wheat lineages. A high degree of transcriptional autonomy and no
global dominance was found for the subgenomes. These insights into the genome
biology of a polyploid crop provide a springboard for faster gene isolation, rapid genetic
marker development, and precise breeding to meet the needs of increasing food
demand worldwide.

R
ich in protein, carbohydrates, and min-
erals, bread wheat (Triticum aestivum L.)
is one of the world’s most important ce-
real grain crops, serving as the staple food
source for 30% of the human population.

Between 2000 and 2008, wheat production fell
by 5.5% primarily because of climatic trends (1),
and, in 5 of the past 10 years, worldwide wheat
production was not sufficient to meet demand
(2). With the global population projected to ex-
ceed 9 billion by 2050, researchers, breeders and
growers are facing the challenge of increasing
wheat production by about 70% to meet future
demands (3, 4). Concurrently, growers are facing
rising fertilizer and other input costs, weather
extremes resulting from climate change, increas-
ing competition between food and nonfood uses,
and declining annual yield growth (5). A rapid
paradigm shift in science-based advances in wheat
genetics and breeding, comparable to the first
green revolution of the 1960s, will be essential
to meet these challenges. As for other major cereal
crops (rice, maize, and sorghum), new knowledge
and molecular tools using a reference genome
sequence of wheat are needed to underpin breed-
ing to accelerate the development of new wheat
varieties.
One key factor in the success of wheat as a

global food crop is its adaptability to a wide range
of climatic conditions. This is attributable, in part,
to its allohexaploid genome structure, which arose
as a result of two polyploidization events (Fig. 1).
The first of these is estimated to have occurred
several hundred thousand years ago and brought
together the genomes of two diploid species re-
lated to the wild species Triticum urartu (2n =
2x = 14; AA; 2n is the number of chromosomes
in each somatic cell and 2x is the basic chro-

mosome number) and a species from the Sitopsis
section of Triticum that is believed to be related
to Aegilops speltoides (2n = 14; SS) (6). This hy-
bridization formed the allotetraploid Triticum
turgidum (2n = 4x = 28; AABB), an ancestor of
wild emmer wheat cultivated in the Middle
East and T. turgidum sp. durum grown for pasta
today. A second hybridization event between
T. turgidum and a diploid grass species, Aegilops
tauschii (DD), produced the ancestral allohexaploid
T. aestivum (2n = 6x = 42, AABBDD) (6, 7), which
has since been cultivated as bread wheat and ac-
counts for over 95% of the wheat grown worldwide.
With 21 pairs of chromosomes, bread wheat

is structurally an allopolyploid with three ho-
meologous sets of seven chromosomes in each

of the A, B, and D subgenomes. Genetically,
however, it behaves as a diploid because homeol-
ogous pairing is prevented through the action of
Ph genes (8). Each of the subgenomes is large,
about 5.5 Gb in size and carries, in addition to
related sets of genes, a high proportion (>80%)
of highly repetitive transposable elements (TEs)
(9, 10).
The large and repetitive nature of the genome

has hindered the generation of a reference ge-
nome sequence for bread wheat. Early work
focused primarily on coding sequences that rep-
resent less than 2% of the genome. Coordinated
efforts generated over 1 million expressed sequence
tags (ESTs), 40,000 unigenes (www.ncbi.nlm.nih.
gov/dbEST/dbEST_summary.html), and 17,000 full-
length complementary DNA (cDNA) sequences
(11). These resources have enabled studies of in-
dividual genes and facilitated the development
of microarrays and marker sets for targeted gene
association and expression studies (12–14). At
least 7000 ESTs have been assigned to chromosome-
specific bins (15), providing an initial view of
subgenome localization and chromosomal orga-
nization and facilitating low-resolution mapping
of traits. More recently, high-throughput low-cost
sequencing technologies have been applied to
assemble the gene space of T. urartu (16) and
Ae. tauschii (17), two diploid species related to
bread wheat (Fig. 1). About 60,000 genic se-
quences were also putatively assigned to the
bread wheat A, B, or D subgenomes by using
assembled Illumina (Illumina, Incorporated,
San Diego, CA) sequence data for Triticum
monococcum and Ae. tauschii and cDNAs from
Ae. speltoides to guide gene assemblies of five-
fold whole-genome sequence reads from T.
aestivum ‘Chinese Spring’ (18). These re-
sources have contributed information about
the genes of hexaploid wheat and its wild
diploid relatives and have underpinned the
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*All authors with their affiliations appear at the end of this paper.
†Corresponding author: K. X. Mayer (k.mayer@helmholtz-muenchen.
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Fig. 1. Schematic diagram of the relationships between wheat genomes with polyploidization his-
tory and genealogy. Names and nomenclature for the genomes are indicated within circles that provide
a schematic representation of the chromosomal complement for each species.Time estimates are from
Marcussen et al. (45). mya, million years ago.

http://www.ncbi.nlm.nih.gov/dbEST/dbEST_summary.html
http://www.ncbi.nlm.nih.gov/dbEST/dbEST_summary.html


development of large sets of single-nucleotide
polymorphism (SNP) markers (19–21). To date,
however, relatively little is known about the
position and distribution of genes on each of
the bread wheat chromosomes and their evo-
lution during the polyploidization events that
resulted in the emergence of the hexaploid
species.

Survey sequencing the bread
wheat genome

We used aneuploid bread wheat lines derived
from double ditelosomic stocks of the hexaploid
wheat cultivar Chinese Spring (22) to isolate,
sequence, and assemble de novo each individual
chromosome arm [except for 3B, which was iso-
lated and sequenced as a complete chromosome
(23)]. This approach reduced the complexity of
assembling a highly redundant genome and en-
abled the differentiation of genes present in
multiple copies and highly conserved homologs.
Each chromosome arm, representing between
1.3 and 3.3% of the genome (24), was purified by
flow-cytometric sorting and sequenced to a depth
of between 30× and 241× with Illumina technol-
ogy platforms (25). The paired end sequence reads
were assembled with the short-read de novo as-
sembly tool ABySS (25, 26). A high proportion
of reads assembled into contigs of repetitive se-
quence less than 200 base pairs (bp) and were
excluded from the final assembly of 10.2 Gb.
The quality of the assemblies and purity of chro-
mosome arm preparations were assessed by using
alignment to bin-mapped ESTs (15) and to the

virtual barley genome (27). Summary statistics for
the chromosome arm assemblies are shown in
Tables 1 to 3. Compared with cytogenetically es-
timated chromosome sizes (24), the sequence as-
semblies represent 61% of the genome sequence,
with the L50 of repeat-masked assemblies ranging
from 1.7 to 8.9 kb.

Repetitive DNA

We assessed the TE and sequence repeat space
across the whole wheat genome and compared
the repeat content of the A, B, and D subgenomes
(25). From the frequency of mathematically de-
fined repeats (MDRs; 20mers) (28), we estimated
that 24 to 26% of the sequence reads contain
high copy number repeats, represented by 20mers
with more than 1000 copies. In total, 81% of raw
reads and 76.6% of assembled sequences con-
tained repeats, the latter showing reduced rep-
resentation of Gypsy long terminal repeat (LTR)
retrotransposons, as well as Mutator and Mariner-
type DNA transposons.
Analysis of the distribution of transposons

across the three subgenomes revealed that class
I elements (retroelements) were more abundant
in the A genome chromosomes relative to B or
D (A > B > D), whereas class II elements (DNA
transposons) showed the reverse (D > B > A).
The most pronounced differences were observed
between deteriorated and thus unclassifiable
LTR retrotransposons, which showed a gradient
of abundance across the subgenomes (A > D > B)
distinct from other class I or class II elements.
We hypothesize that unclassifiable LTR retrotrans-

posons represent older (and thus more deteri-
orated) elements that were modified through
polyploidization and ongoing TE amplification
or degeneration. Assuming the amplification/
degeneration dynamics are similar within each ge-
nome, the distribution of LTR retrotransposons
across the three subgenomes suggest that the
B genome progenitor contained a lower number
of LTR retroelements and that transposon activity
post-polyploidization has introduced a higher
proportion of more recent amplifications into
the B genome.
We observed a substantial reduction (down

to 19.6%) in the TE content associated with the
0.8% (615 Mb) of the chromosomal survey se-
quences (CSSs) representing contigs containing
high-confidence genes (for definition see below)
(25). The analysis revealed a marked depletion
of all class I elements in the neighborhood of
genes, with the exception of non-LTR retrotrans-
posons, which were enriched twofold. CACTA
transposons accounted for the greatest pro-
portion of the observed 67% reduction in class
II elements, whereas minor components, espe-
cially Harbinger and miniature inverted-repeat
TEs, were enriched. Selective exclusion of high-
copy transposons that undergo epigenetic silenc-
ing and reduce expression by heterochromatin
spreading (29) may result in depletion of repeat
element types in the vicinity of genes.

miRNAs

A total of 270 different putative microRNA mol-
ecules (miRNAs) (49 not previously reported)
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Table 1. Sequencing, assembly, and GenomeZipper statistics for wheat A genome chromosome arms. Sequence indicates the total assembled sequence
(>200 bp); number of contigs is after filtering of highly repetitive sequence assemblies; syntenic loci is the number of gene loci anchored to reference gene; and
the last row is the number of total anchored gene loci. Blank entries in all tables indicate data not applicable; fl-cDNA, full-length cDNA; nonred., nonredundant.

1AS 1AL 2AS 2AL 3AS 3AL 4AS 4AL 5AS 5AL 6AS 6AL 7AS 7AL ∑

Assembly
Chromosome

size (Mbp)
275 523 391 508 360 468 317 539 295 532 336 369 407 407 5,727

Sequence (Mbp) 178.1 250 255.2 328.2 201.8 247.2 282.3 362 198.8 318.1 219.2 214.4 198 252.4 3,505.7
Coverage (x-fold) 0.65 0.48 0.65 0.65 0.56 0.53 0.89 0.67 0.67 0.60 0.65 0.58 0.49 0.62 0.62
L50 (bp) 2,242 2,639 2,398 2,688 1,404 1,346 2,782 3,053 3,509 2,078 2,669 2,154 1,470 2,271

Repeat
No. of contigs 34,793 26,746 34,722 45,893 33,943 43,823 32,079 64,364 19,719 47,572 28,041 34,030 44,175 35,586 542,486
L50 4,769 6,369 6,678 6,677 3,846 3,789 7,499 6,601 8,713 5,355 7,091 6,589 4,397 5,849

GenomeZipper
No. of markers 147 380 139 278 106 332 167 200 150 309 174 286 169 278 3,115
No. of wheat

fl-cDNAs 95 241 162 258 134 240 153 189 54 231 94 181 178 155 2,365
No. of nonred.

contigs 937 1,750 1,673 2,499 1,323 2,300 848 2,613 574 2,495 811 1,422 2,100 1,600 22,945
No. of syntenic

gene loci 544 1,515 1,155 1,816 850 1,628 842 1,642 405 1,821 647 1,073 1,228 1,049 16,215
No. of anchored

gene loci 649 1,811 1,262 2,032 929 1,864 948 1,777 522 2,050 794 1,279 1,349 1,269 18,535
POP-Seq Positioning

No. of contigs 38,940 45,649 34,853 32,941 31,094 49,586 25,068 27,248 5,578 35,333 28,234 30,828 31,628 32,435 449,415
No. of anchored

gene loci
972 1,720 1,452 1,913 788 1,302 883 1,702 137 1,579 1,145 1,305 1,305 1,094 17,297

No. of anchored
gene loci

618 1,257 1,408 1,903 769 1,469 778 1,116 678 2,432 995 1,458 1,405 1,711 17,997

  



were identified corresponding to 98,068 pre-
dicted miRNA-coding loci (25). Only 1668 loci
(1.7%) evidenced expression on the basis of pub-
licly available ESTs and of RNA sequencing
(RNA-seq) data reported in this work, con-
sistent with previous analyses in wheat (30, 31).

Similarly, we observed that class II DNA trans-
posons, specifically TcMar transposons, were
predominantly found in miRNAs. For 87% of
the putative miRNA-coding loci, at least one
putative target gene was identified in the
wheat CSS. A total of 6615 predicted miRNA-

coding sequences (44 with evidence of expres-
sion) were characterized by at least one mature
sequence and one target site covered by the
same repeat element. This suggests that an
active miRNA could arise when an advantageous
regulatory niche evolves from a series of random
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Table 3. Sequencing, assembly, and GenomeZipper statistics for wheat D genome chromosome arms. Sequence indicates the total assembled
sequence (>200 bp); number of contigs is after filtering of highly repetitive sequence assemblies; syntenic loci is the number of gene loci anchored to
reference gene; and the last row is the number of total anchored gene loci.

1DS 1DL 2DS 2DL 3DS 3DL 4DS 4DL 5DS 5DL 6DS 6DL 7DS 7DL ∑

Assembly
Chromosome
size (Mbp)

224 381 317 412 321 450 232 417 259 491 324 389 381 347 4,937

Sequence (Mbp) 128,2 254,4 166 261.6 145.4 186.5 142.1 347.6 148 236.8 156.6 199.8 209.1 222.9 2,805
Coverage (x-fold) 0.57 0.67 0.52 0.63 0.45 0.41 0.61 0.83 0.57 0.48 0.48 0.51 0.55 0.64 0.57
L50 (bp) 2,850 2561 1241 701 515 967 3278 1013 2,353 2,647 4,297 2,077 1,967 3,638

Repeat
No. of contigs 17,725 35,770 43,044 110,446 46,795 69,259 18,245 197,398 22,449 34,622 16,077 26,236 36,701 26,737 701,504
L50 6,622 6,297 4,635 3,247 1,697 2941 7428 1855 5945 7049 8,904 6,821 5,031 7,399

GenomeZipper
No. of markers 258 653 457 739 379 633 269 498 225 744 297 411 579 515 6,657
No. of wheat
fl-cDNAs 89 251 177 323 128 244 130 255 99 375 103 208 200 212 2,794

No. of nonred.
contigs 968 2,797 3,023 5,804 2,933 3,712 1,231 3,174 890 3,436 973 1,923 3,006 2,083 35,953

No. of syntenic
gene loci 474 1,483 1,197 2,141 799 1,575 779 1,277 454 2,073 538 1,117 1,222 1,099 16,228

No. of anchored
gene loci 642 1,882 1,475 2,542 1,051 1,923 912 1,582 598 2,482 758 1,347 1,592 1,423 20,209

POP-Seq Anchoring
No. of contigs 7,686 24,149 24,652 31,359 26,447 37,874 14,198 23,842 14,458 29,604 18,701 23,763 41,796 31,832 350,361

Table 2. Sequencing, assembly, and GenomeZipper statistics for wheat B genome chromosome arms. Sequence indicates the total assembled
sequence (>200 bp); number of contigs is after filtering of highly repetitive sequence assemblies; syntenic loci is the number of gene loci anchored to
reference gene; and the last row is the number of total anchored gene loci.

1BS 1BL 2BS 2BL 3B 4BS 4BL 5BS 5BL 6BS 6BL 7BS 7BL ∑

Assembly
Chromosome
size (Mbp)

314 535 422 506 993 391 430 290 580 415 498 360 540 6,274

Sequence (Mbp) 212.8 299.4 292 404.5 638.6 308.2 248.7 174.5 415.2 210.2 257.4 206.1 259.6 3,927.2
Coverage (x-fold) 0.68 0.56 0.69 0.80 0.64 0.79 0.58 0.60 0.72 0.51 0.52 0.57 0.48 0.63
L50 (bp) 3,287 3,120 3,711 2,941 2,655 3,463 1,974 3,315 2,924 2,366 2,031 2,428 1,556

Repeat
No. of contigs 26,050 29,783 35,743 75,879 75,022 38,515 46,576 18,001 75,887 29,566 35,727 24,119 58,554 569,422
L50 7,413 7,151 8,069 6,890 6,855 8,755 5,883 7,365 7,537 4,972 4,824 6,435 4,144

GenomeZipper
No. of markers 78 348 278 428 500 46 145 167 404 217 245 140 198 3,194
No. of wheat
fl-cDNAs 78 219 155 268 479 97 170 66 360 88 147 109 137 2,373

No. of nonred.
contigs 776 1,927 1,859 3,079 5,011 893 1,634 576 3,296 915 1,525 1,172 1,890 24,553

No. of syntenic
gene loci 485 1,485 1,181 1,973 3,123 788 1,155 426 2,315 565 1,003 733 1,050 16,282

No. of anchored
gene loci 546 1,745 1,388 2,265 3,490 819 1,243 565 2,600 728 1,177 838 1,203 18,607

POP-Seq Anchoring
No. of contigs 31,038 50,219 33,603 54,522 99,341 50,927 41,135 19,794 49,140 30,962 38,064 48,514 50,397 597,656
No. of anchored
gene loci

956 1,881 1,588 2,389 3,772 1,365 1,433 727 2,857 831 996 1,055 1251 21,101



TE insertions and may represent a means by
which a network of putative miRNAs and target
genes may develop, even before miRNA activa-
tion (32).

Protein-coding genes

Annotation of protein-coding gene sequences
in the CSS assemblies had its basis in com-
parisons to annotated genes in related grasses
[Brachypodium distachyon (33), Oryza sativa
(34), Sorghum bicolor (35), and Hordeum vulgare
(27)], as well as publically available wheat full-
length cDNAs (fl-cDNAs) (11) and RNA-seq data
generated from five tissues of a Chinese Spring
cultivar at three different developmental stages.
Briefly, the reference grass coding sequences
and wheat transcript resources were mapped
separately to assembled CSS contigs, and the
alignments were merged to define the exact co-
ordinates of gene loci, alternative splicing forms,
and transcripts with no similarity to related grass
genes (25).
This analysis identified 976,962 loci with

1,265,548 distinct splicing variants. A total of

133,090 loci showing homology to related grass
genes were classified as high confidence (HC)
gene calls. These were further subdivided into
four groups (HC1 to HC4) on the basis of the
proportion of the length of the reference gene
covered by a predicted locus. Of these, 124,201
(93.3%) genes were annotated on individual
chromosome arm sequences, and the remain-
ing 6.7% corresponded to wheat transcripts,
which were not detected in the CSS assem-
blies (Fig. 2A). In total, 55,249 (44%) of the loci
assigned to chromosomes were classified as
HC1, that is, representing functional genes span-
ning at least 70% of the length of the support-
ing evidence (Table 4). The remaining 56% of
HC genes comprised genes that were fragmented
in the assembly and thus could only be par-
tially structurally defined or were classified as
gene fragments and pseudogenes. We expect
that many of these will be merged as further
sequencing improves the coverage and quality
of genic sequences. On the basis of the level of
completion of the assembly and the detection
rate of HC1 genes (25), we estimated that the

wheat genome contains 106,000 functional protein-
coding genes. This supports gene number esti-
mates ranging between 32,000 and 38,000 for
each diploid subgenome in hexaploid wheat and
is consistent with findings in related diploid
species (16–18, 20, 36).
Consistent with observations of high levels of

non–protein-coding loci in both plants (27, 37)
and animals (38), 890,576 loci did not share any,
or only low, similarity with related grass genes.
Loci with low sequence similarity (88,998) were
defined as low-confidence (LC) genes, and the
remainder were classified as repeat-associated,
noncoding, or non–homology-supported loci (25).
More than 96% of public wheat ESTs (HarvEST)
mapped to the CSS gene sets (BLASTN; E value
<10−10), including 89% that correspond to HC
gene-coding loci, demonstrating that the CSS
assemblies contain a high representation of
the current gene inventory of the bread wheat
genome.
Our analysis revealed that 49% of the HC

genes exhibit alternative splicing (AS) with an
average of 2.6 transcripts per locus. This may be
an underestimation, because 69% of the most
complete gene loci (HC1) were alternatively spliced
with an average of 3.5 transcripts per locus.
Evidence that additional AS variants will be
identified has already emerged from a prelim-
inary assessment of gene structure prediction
using proteomics analyses. In a study of 63 genes,
50 (81%) structures were confirmed, 8 (13%) pro-
vided evidence for alternative gene structures,
whereas 5 were absent in the structural gene
calls. Extrapolating these data to the whole
genome, we estimate that hexaploid bread
wheat encodes more than 300,000 distinctive
protein-coding transcripts. The proportion of
genes exhibiting AS appeared to be similar in all
three subgenomes and is consistent with the
transcriptional complexity reported for plant
species such as Arabidopsis thaliana (39) and
H. vulgare (27).

Gene distribution and order

Analysis of the gene distribution across the three
subgenomes revealed a higher number of gene
loci on the B subgenome (44,523; 35%) compared
with the A and D subgenomes, which contained
40,253 (33%) and 39,425 (32%), respectively (Fig.
2A). This distribution was not consistent at the
chromosomal level. For example, the gene dis-
tribution across homeologous group 3 chromo-
somes is 30% 3A, 42% 3B, and 28% 3D, whereas
in homeologous group 7 the D genome contains
the highest proportion of genes. These observa-
tions may reflect preexisting differences in the
subgenomes before polyploidization or indicate
that drivers determining the composition of the
genome do not act at the subgenome level but
regionally.
Up to 2.4-fold variation in gene density was

observed on different chromosome arms, rang-
ing from 4.4 loci per Mb (5AS) up to 10.4 loci per
Mb (2DL) (Fig. 2B). Consistent with observations
in rye (40) and the complete sequence of wheat
chromosome 3B (23), on average 53.2% of the
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Fig. 2. Gene content, density, synteny, structural conservation, and tandemly duplicated genes.
(A) Total number of HC bread wheat genes identified on the A (green), B (purple), and D (orange) sub-
genomes (left) and their distribution on individual chromosome arms or chromosomes (in the case of
group 3) (right). (B) Syntenic conservation of HC and LC genes for each chromosome arm defined by the
ratio of the number of genes anchored in the GenomeZipper and the number of annotated genes
normalized per Mb of physical chromosome(-arm) size. Solid lines visualize average syntenic conservation
for LC (black) and HC (red) genes, and dashed lines give isochores for different percentages of synteny.
(C) Conservation of gene family composition between single chromosome arms. Color-coding in the outer
ring indicates relatedness of the respective branches (A/D > B, light orange; A/B > D, light blue; B/D > A,
light red). Red asterisks mark edges with boot-strapping values > 0.95. (D) Proportion of lineage-specific,
intrachromosomally duplicated genes in the wheat genome compared with other grass genomes. Error
bars indicate deviations among individual chromosomes.

  



HC genes were located on syntenic chromosomes
compared to B. distachyon (Bd), O. sativa (Os),
and S. bicolor (Sb). The average level of synteny
for genes located on the D genome chromosomes
(58%) was higher than the average for those
on the A (51%) and the B (50%) chromosomes.
Sequence conservation in LC genes is low, and,
in comparison to HC genes, reduced syntenic
conservation is observed. Thus, although the
majority of LC genes are likely to result from
the frequent generation of gene fragments by
double-strand repair mechanisms or are deter-
iorated (pseudo)genes that were fragmented after
the divergence from the other sequenced grass
genomes (10), the retained synteny to other grass
genomes suggests that some LC genes may be
functional.
To determine the extent of gene conservation

across homeologous chromosomes, we clustered
the HC genes into protein families by sequence
similarity (Fig. 2C) (25). With the exception of
chromosome 4AL, the genes on all chromosome
arms clustered with their corresponding homo-
logs. The pattern of clustering observed for 4A
is consistent with a known pericentromeric in-
version and two translocations of segments from
chromosome arms 5AL and 7BS (41, 42). All
possible cluster topologies were found between
genes on the A, B, and D genomes. Overall, the
patterns of conservation suggest that the gene
content of the A and B homeologous chromo-
somes is more similar to the D genome chro-
mosomes than to each other. This observation
contradicts a model of bifurcating evolutionary
relationships between the A, B, and D genomes
but is consistent with models of interlineage
hybridization (i.e., reticulate evolution) in the
Triticeae (43, 44) and corroborate phylogenomic
analyses that suggest that the D genome is a
product of homoploid hybrid speciation between
A and B genome ancestors >5 million years ago
(45). Although the potential for preexisting dif-
ferences needs to be considered, the preserva-
tion of gene copies in each of the A, B, and D
genomes provides evidence for their structural
autonomy, a likely consequence of independent
pairing during meiosis (46). A high degree of

subgenome autonomy was also reflected in the
observed patterns of gene expression (see below).
We used two independent but complemen-

tary approaches to generate an order for the
many small contigs that comprise the chromo-
some arm assemblies (25). The GenomeZipper
approach (47) combines the syntenic conser-
vation of gene order in grasses (48) and the
known gene orders of fully sequenced grass
genomes (33–35) with high-density SNP-based
genetic maps (21, 49) to create a virtual gene order
in wheat. The number of genes anchored per chro-
mosome (chr.) ranged from 2125 (chr. 6B) to 4404
(chr. 2D) (Table 1). Overall, the GenomeZipper
inferred positions of 21,221, 22,051, and 22,813
genes, respectively, in the A, B, and D genomes.
To complement this, the POPSEQ approach (50)
was used to build an ultradense genetic map
comprising 13.3 million SNPs identified after
shallow-coverage whole-genome sequencing of
90 doubled haploid individuals of the synthetic
W7984 × Opata M85 population (51). This map
assigned a partially overlapping set of 17,297,
21,101, and 17,997 HC genes, respectively, to the
individual chromosomes of the A, B, and D ge-
nomes. The POPSEQ genetic map showed concor-
dance with the gene assignments to flow-sorted
chromosomes (99.4%) and the GenomeZipper
(99.8%). The two inferred gene orders along chro-
mosomes were also largely collinear (Spearman’s
correlation coefficient = 0.85). From both an-
chored data sets, we were able to position a non-
redundant set of 75,183 HC genes on the 21
chromosomes of bread wheat by genetic map-
ping and/or syntenic conservation.
Gene duplication is frequently observed in plant

genomes, arising from polyploidization or through
tandem or segmental duplication associated with
replication (52). For each wheat chromosome, the
percentage of genes that have undergone lineage-
specific intrachromosomal duplication was deter-
mined with OrthoMCL (53). By using the HC1
genes, we estimated that between 19.1% (chr. 7B)
and 29.7% (chr. 2B) (23.6% average for all chro-
mosomes) of the genes are duplicated on each
chromosome (25). Comparison of the number
of duplicated genes identified by this analysis

for chr. 3B (25.3% of HC1 genes) with the 3B
reference pseudomolecule (37% duplicated genes)
(23) indicated that we are likely underestimating
the number of duplicated genes. This is due to
the fragmented nature of the assemblies obtained
from whole-genome or chromosome-shotgun se-
quences that collapse highly conserved duplicates.
No significant differences in the proportion of
duplicates were observed between the three sub-
genomes (c2 test, c2 = 3.8, P = 0.15).
For each chromosome, an average of 73% of the

duplicates are located on one of the chromosome
arms, suggesting that they may be tandem dupli-
cates that arise through unequal crossing-over
and replication-dependent chromosome break-
age (54) or through the activity of transposable
elements. When compared with the percentage
of intrachromosomal duplicates found in rice,
sorghum, barley, maize, and foxtail millet (17 to
20%) (27, 33–35, 55, 56), the proportion of gene
duplications in wheat was significantly higher
(Fig. 2D; Tukey’s honest significant difference,
pairwise P < 0.007).

Comparisons with related species

We assembled sequence data from seven species
related to progenitors of the bread wheat A, B,
and D subgenomes (25). Illumina whole-genome
sequence data and assemblies were generated from
two tetraploid wheat cultivars (AABB) T. turgidum
‘Cappelli’ (originating from Italy) and T. turgidum
‘Strongfield’ (originating from Canada) as well
as from the diploid genome of Ae. speltoides
(SS). These data were combined with whole-
genome sequence data from T. urartu (AAuu)
(16), T. monococcum (AAmm), Ae. tauschii (DD)
(17), and Aegilops sharonensis (SshSsh). For the
unannotated genomes of T. turgidum, T. monococ-
cum, Ae. speltoides, and Ae. sharonensis, pro-
teins of annotated grass genomes (27, 33, 35, 57)
and T. aestivum gene models were projected on
the sequence assemblies.
Genes and gene families in the hexaploid,

tetraploid, and diploid genomes were then com-
pared to assess the dynamics of gene retention
or loss after polyploidization and to define the
core wheat genes. When comparing the sizes of
gene families in Ae. tauschii (17) and T. urartu
(16) diploid genomes with the individual subge-
nomes of hexaploid wheat (Fig. 3, A and B), we
found that gene loss mainly affected genes be-
longing to expanded families, consistent with pre-
vious observations (18). In contrast, singletons
(i.e., genes without paralogous copies within the
same genome) were not usually subject to gene
loss after polyploidization. Pronounced variations
of gene copy retention or loss patterns were ob-
served depending on the gene family considered.
Highly similar gene retention rates were found

for all bread wheat subgenomes in comparison to
Ae. tauschii and T. urartu [0.91 (A), 0.94 (B), and
0.89 (D) versus Ae. tauschii and 0.91 (A), 0.96 (B),
and 0.91 (D) versus T. urartu] (Fig. 3, A and B).
The extent of gene loss in the D subgenome, the
most recent addition to the hexaploid genome,
appeared slightly lower than the more ancient
A and B subgenomes. Thus, as observed for
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Table 4. Characteristics of HC bread wheat genes. Distinct exons means that exons of two or
more transcripts were counted once if they had identical start and stop positions; mean transcripts
and mean exons are transcripts per locus and exons per locus, respectively; the second mean exons
row shows exons per transcript.

HC1 HC2 HC3 HC4 S

Gene loci 55,249 14,367 15,475 39,110 124,201
Single exon 9,181 (17%) 3,230 (22%) 4,906 (32%) 20,375 (52%) 37,692 (30%)
Multiple exon 46,068 (83%) 11,137 (78%) 10,569 (68%) 18,735 (48%) 86,509 (70%)
Alternatively
spliced

38,059 (69%) 7,916 (55%) 6,465 (42%) 8,728 (22%) 61,168 (49%)

Mean size (bp) 3,319 2,204 1,608 901 2,216
Transcripts 194,624 37,116 31,957 61,450 325,147
Mean transcripts 3.52 2.58 2.07 1.57 2.62
Distinct exons 538,250 94,864 74,630 117,530 825,274
Mean exons 9.74 6.60 4.82 3.01 6.64
Mean exons3 6.29 4.45 3.52 2.56 5.1
Mean size (bp) 321 315 314 281 314



the gene content and structural similarities be-
tween individual chromosome arms, we found
no evidence for a gradual gene loss induced by
polyploidization. This may indicate that gene loss
occurred rapidly after polyploid formation, fol-
lowed by stabilization of gene content consistent
with observations in newly created polyploids
(58, 59) and gene retention in cotton (60).
We conducted a clustering analysis of gene

families and determined the number of genes in
the bread wheat subgenomes that have an or-
tholog in the genomes from the A genome lineage
(T. urartu and T. monococcum), the closest known
relatives for the B lineage (Ae. sharonensis and
Ae. speltoides), the D lineage (Ae. tauschii), as
well as in the tetraploid T. turgidum genome
(Fig. 3C). We found that the A, B, and D subge-
nomes contain very similar proportions of genes
(60.1 to 61.3%) with orthologs in all the related
diploid genomes. We also estimated the contribu-
tion of unique genes of the three subgenomes to
the bread wheat genome. Because the absence of
a particular gene in a single species could be due
to incomplete sequence coverage or assembly er-
rors, only lineage-specific gene family absence was
considered in the analysis. Only a small fraction of
the genes (1.3 to 1.7%) were specific to the A, B, or
D lineages, demarcating the likely upper estimate
of unique genes or gene families added to the
bread wheat gene complement by the individual
subgenomes.
High sequence similarity between genes in

the bread wheat subgenomes impedes efficient
marker development and the identification of
nonsynonymous sequence variations that can
potentially affect gene or protein functionality.

We delineated single-nucleotide variations (SNVs)
between the bread wheat genes and the diploid
and tetraploid related genomes and reconstructed
phylogenetic relationships by using unrooted par-
simony (Fig. 4A) (25). In total, 11,435 SNVs within
6498 genes were specific to bread wheat and
thus have likely been introduced after the sec-
ond polyploidization event. Although most rela-
tionships support the known phylogeny of wheat,
Ae. sharonensis was placed closer to the bread
wheat D subgenome and Ae. tauschii than to Ae.
speltoides and the B genome branch. This sug-
gests that the Sitopsis group, which includes Ae.
sharonensis and Ae. speltoides, is deeply furcated
and related to both D and B genome branches.
The potential impact of all SNVs detected on

proteins was measured by using Grantham amino
acid substitution matrix scores (25, 61). Most of
the substitutions (80.8%) in gene sequences were
conservative or moderately conservative and were
randomly distributed across all chromosomes.
However, bread wheat genes contained a higher
proportion of substitutions with a predicted large
impact on the protein functionality (i.e., moder-
ately radical and radical changes) compared with
their closest diploid or tetraploid relatives. This
points to gene redundancy in hexaploid bread
wheat enabling accelerated sequence evolution
and potentially the evolution of novel protein
functions.
We used the bread wheat gene annotation to

analyze the introduction of likely premature
stop codons in diploid and tetraploid related ge-
nomes as a measure for the rate and degree of
pseudogenization (Fig. 4B). Using only the highest
confidence genes (HC1), 290 (1.6%; T. turgidum A

genome versus T. aestivum A genome) to 636 (3.6%;
Ae. sharonensis versus T. aestivum D genome)
gene loci had characteristics of pseudogenization
in the respective related diploid genomes com-
pared with the respective bread wheat A, B, and
D subgenomes. Most of these likely pseudogen-
ized loci were specific to the respective genomes,
although overlapping candidate pseudogenized
loci were also observed. However, the numbers
of genes in these categories were small, ranging
from 0.1 to 0.7%. Similar inferred pseudogeniza-
tion rates were found in the A and B subgenomes
of T. turgidum [290 (1.6%) in the A genome and
395 (2.0%) in the B genome, respectively], indi-
cating no preferential pseudogenization or gene
loss in any of the subgenomes. The number of
pseudogenes observed in the D genome was sim-
ilar to that of the A and B subgenomes and their
diploid relatives, suggesting a rapid elimination
process for pseudogenes. These findings are con-
sistent with those from other plants, notably among
Arabidopsis ecotypes (62), and smaller-scale anal-
ysis of pseudogenization dynamics within the
bread wheat genome (63).
Earlier studies showed a high degree of gene

sequence similarity between A, B, and D bread
wheat subgenomes and their related diploid spe-
cies (6). We analyzed the sequence conservation
in bread wheat chromosomes compared to their
diploid and tetraploid relatives to test for inter-
genomic translocations or introgressions (Fig. 4C).
The sequences of genes were highly conserved,
exceeding 99% identity, between the hexaploid
subgenomes and their respective diploid relatives.
High levels of conservation, averaging 97%, were
also found between the A, B, and D lineages.
No gradients in sequence conservation were

apparent along the chromosomes for the most
closely related genomes. However, when compar-
ing more distant genomes (e.g., T. aestivum D ge-
nome versus T. urartu), higher levels of sequence
conservation were observed in genes located in
proximal, pericentromeric, and centromeric re-
gions. These results are consistent with findings
for the 3B pseudomolecule analysis that demon-
strated a partitioning of the chromosome with
variable telomeric regions and a more conserved
central chromosomal region (23). The most pro-
nounced deviation in gene sequence similarity
from the overall distribution is found for chr.
4A, which has undergone a recent inversion and
translocations from chrs. 5A and 7B (41, 42)
(Fig. 4C). Other, smaller regions showing altered
similarity profiles were also observed on other
chromosomes (e.g., chrs. 2A and 7B) (25) sug-
gesting the presence of further small transloca-
tions or introgressions that may have occurred
after hybridization.

Hexaploid genome phylogeny

To further test the relatedness of the A, B, and D
subgenomes across the entire wheat genome, we
used syntenic gene alignments to estimate max-
imum likelihood phylogenetic trees. We obtained
2269 trees and analyzed them for topological
variation. Across all chromosome groups, 40, 35,
and 25% of the gene phylogenies supported AD,
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Fig. 3. Gene conservation and the wheat pan- and core genes. (A and B) Relationship between gene
family sizes in diploid Ae. tauschii (A) and T. urartu (B) and each subgenome of hexaploid bread wheat
(colors as in Fig. 2A). Boxes visualize the lower and upper quartiles of gene family sizes. Color intensity
indicates the number of gene families in the respective bin. The black line shows a 1:1 gene copy number
relationship for bread wheat, Ae. tauschii, and T. urartu, and colored lines show the regression fit for
observed gene family size in the wheat subgenomes. (C) Percentages of genes of the bread wheat
subgenomes that show significant sequence similarity to other genomes: Core genes correspond to genes
with hits to all subgenomes as well as to T. turgidum and all diploid related progenitor genomes; shared
genes–T. aestivum are genes with hits to any other T. aestivum subgenome but not to T. turgidum or any
of the closest diploid relatives; shared genes–T. turgidum correspond to genes with hits to T. turgidum but
not to any of the closest diploid relatives; shared genes–lineage, with hits to the subgenome’s closest
relative genome but not to T. turgidum or any of the other closest related genomes.

  



BD, and AB as the closest pairs, respectively.
This genome-wide observation supports previ-
ous findings of discordant phylogenetic signals
within Aegilops and Triticum genera (6, 43, 45).
Some variation in genome relationships was
found among chromosomes: On group 4 chro-
mosomes, most gene trees supported BD as
closest pairs, whereas group 5 chromosomes
had similar numbers of AD and BD topologies
(AD = BD > AB). Distribution of variation in
phylogenetic signals across homeologous chro-
mosomes can help to better understand the na-
ture of the evolutionary processes underlying
such phylogenetic incongruence. Under incom-
plete lineage sorting and stochastic coalescence,
levels of phylogenetic incongruence will be cor-
related with recombination rates, whereas single
introgression events and limited recombination
are expected to generate local chromosome blocks
of homogenous phylogenetic signals. We used
the inferred gene orders from the GenomeZipper
to test for nonrandom distribution of phyloge-
netic signals along chromosomes. We were un-
able to consistently identify block structures larger

than would be expected by chance. However, it
is possible that the limitations of the inferred
gene order hamper the ability to detect such
patterns.

Gene expression

Our study did not reveal any pronounced bias in
gene content, structure, or composition between
the different wheat subgenomes. In paleopolyploid
maize and soybean, transcriptional dominance
of genes derived from one progenitor genome
has been described (64–66). Previous analyses
have shown that rapid initiation of differential
expression of homeologous wheat genes occurs
upon polyploidization with a predominantly ad-
ditive mode (13, 67). Sets of homeologous wheat
genes with only one copy present in each of the
subgenomes (triads) were used to test for differ-
ential expression at a genome-wide scale. Ex-
pression correlations were calculated for 6219
triads (18,657 genes) by using RNA-seq data from
five organs (leaf, root, grain, spike, and stem)
(Fig. 5A) (25). Whereas root-derived expression
clustered separately, genes expressed in stem,

leaves, grain, and spike clustered in a subgenome-
specific manner. This indicates that the indi-
vidual subgenomes exhibit a high degree of
regulatory and transcriptional autonomy, with
limited trans (inter-subgenome) regulation (68).
At a global level, the overall pairwise expression
correlation between subgenomes was very similar
(Fig. 5B), and no evidence for genome-wide tran-
scriptional dominance of an individual subge-
nome was observed.
By using hierarchical cluster analysis, we ag-

gregated expressed genes into 13 distinct groups.
These groups show predominant expression in
particular organs (e.g., groups III and XIII in
Fig. 5A) or in one of the subgenomes (e.g., groups
II, IX, and X in Fig. 5A). Pairwise comparisons
of individual expressed homeologous genes in
the groups revealed abundant transcriptional
dominance from specific subgenomes (Fig. 5B).
Overall, 1333 (21%) of the homeologous gene triads
showed an expression bias in one of the pairwise
comparisons, and we detected a similar number of
preferentially transcribed genes (378 to 393) in
each subgenome (permutation test; P < 0.05).
For the individual transcriptional groups, how-
ever, between 2% (groups I, IV, and V) and 20%
(groups II and VI) of the genes were found to be
transcriptionally dominant.
These patterns of gene expression across the

three genomes contrast with patterns of gene ex-
pression reported in allopolyploid cotton (69, 70);
mesopolyploid Brassica rapa (71); synthetic allo-
tetraploid Arabidopsis (72); and the paleopolyploid
maize genome (64), where one of the genomes
is more transcriptionally active than others. The
apparent autonomy of the three wheat subge-
nomes may be explained by the relatively recent
polyploidization. It may also be related to reg-
ulatory mechanisms that control the transcrip-
tional interplay of homeologous genomes to
balance expression of individual and groups of
genes. While maintaining subgenome-specific
expression profiles, a high degree of orchestration
and functional partitioning between homeologous
genes was also reported in grain development of
bread wheat (68) and has been attributed to the
rapid evolution of cis elements coupled to epi-
genetic mechanisms controlling gene expression
(68, 73, 74).

Gene family size variation

The relationship between genes important to
wheat adaptation, disease resistance, and end-
use functionality in hexaploid wheat and its
diploid relatives was examined for signs of adap-
tive evolution. These analyses identified three
distinct patterns: gene expansion, gene loss, or
independent gene evolution that may or may
not include expansion or loss. In some cases,
such as the genes containing a NB-ARC domain
characteristic of many plant disease-resistance
genes (75), we observed an expansion within a
single subgenome (Fig. 6A). Indeed, a substantial
expansion in Ae. tauschii, compared with the
other diploid species and the D genome of hexa-
ploid wheat, is consistent with the rich reservoir
of disease-resistance genes known in this species
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Fig. 4. Molecular evolution of the wheat lineage. SNVs were identified for coding sequences of
bread wheat genes (TaAA, TaBB, and TaDD) against diploid T. monococcum (AAmm), T. urartu (AAuu),
Ae. speltoides (SS), Ae. sharonensis (SshSsh), Ae. tauschii (DD), and tetraploid T. turgidum (AABB).
(A) Unrooted phylogeny constructed on the basis of SNVs between bread wheat and its diploid or
tetraploid relatives. The respective number of SNVs in each phylogenetic internodes is indicated with
bar charts (scale at bottom left corner); colors indicate the respective bread wheat subgenome as in
Fig. 2A. (B) Genes with stop codons in the respective related diploid genomes in comparison to the
bread wheat A, B, and D subgenomes. Numbers in node connectors or in the center correspond to
the number of introduced stop codons found in two (node connectors) or all (center) related genomes.
(C) Chromosomal distribution of sequence identity between bread wheat genes and the diploid and
tetraploid relatives for homeologous chromosomes.



(17). In genes coding for the cysteine-rich gliadin
domain, a functional domain characteristic of
storage proteins, we observed a similar number
of genes in all diploid genomes (except T. monococ-
cum) that is higher than the number of genes
found in each of the three hexaploid wheat sub-
genomes (Fig. 6B). This may indicate that gene
loss occurred in hexaploid wheat and that there
is a trend for the gliadin gene family to maintain
some homeostasis with a similar global number
of genes in polyploid and diploid wheat. In other
cases, the patterns observed suggested indepen-
dent evolution of gene families within the different
genomes and subgenomes of wheat. This was seen
for genes associated with abiotic stress tolerance.

For example, for genes encoding the Apetala2
(AP2) DNA binding domain, associated with
drought, heat, salinity, and cold stress–tolerance
responses, we observed fewer AP2 genes in the
A and D genomes of Chinese Spring compared
with the diploid relatives or the B subgenome
(Fig. 6C). Likewise, genes coding for MYB tran-
scription factors, which have also been involved
in abiotic stress response in plants (76), were
underrepresented in the A subgenome of hexa-
ploid wheat and T. monococcum, whereas a higher
frequency was observed in Ae. tauschii (17) and
T. urartu (16) (Fig. 6D).
In contrast, there was no evidence of expan-

sion or loss of genes underlying phenology, such

as the vernalization (Vrn1) and photoperiod re-
sponse regulator (Ppd1) genes that differentiate
spring and winter growth habits and sensitivity
to day length, respectively. Similar numbers of
genes were found in the diploids and hexaploid
subgenomes coding for the two functional do-
mains of Vrn1, a MADS-box and K-box domain
(77) (Fig. 6E), and for genes containing the re-
sponse regulator domain and CCT motif typical
of cereal Ppd genes (78) (Fig. 6F). We identified
an additional copy of a Vrn1-like gene in the
hexaploid Chinese Spring A and D genomes
and T. urartu (16) when compared with the re-
maining diploid species. An additional copy of
a Ppd1-like gene was also identified in the Chi-
nese Spring B genome relative to Ae. sharonesis
and Ae. speltoides (Fig. 6F). Although only small
differences were observed, small increases in
copy number variation of Vrn-A1 (A genome)
and Ppd-B1 (B genome) have been associated
with longer periods of vernalization to potenti-
ate flowering and an early flowering day neutral
phenotype, respectively (79). Thus, the relative
distribution of such patterns in ontology of these
two genes is likely to reflect important factors
that have allowed wheat to adjust its flower-
ing time to adapt to a range of environmental
conditions.

Molecular markers

Wheat improvement relies in part on the use of
molecular markers to improve selection efficien-
cies and to allow the precise transfer of genes
and QTL between different genetic backgrounds.
To enhance the CSS as a genomic resource for
the wheat genetics and breeding community, we
anchored all publicly available DNA markers
that are routinely used for genetic mapping and
marker-assisted breeding in wheat. Because the
majority of these markers are anchored to pheno-
typic maps, anchoring them to the CSS allows
immediate association of CSS to traits targeted
by breeders. In addition, insertion site–based poly-
morphism (ISBP) and SNP markers identified from
recent whole-genome shotgun and transcriptome
sequencing (19) and genotyping by sequencing
(GBS) tags identified by using DArTSeq (Diversity
Arrays Technology, Bruce, Australia) technology
were also anchored. In total, over 3.6 million
marker loci were anchored to the CSS, includ-
ing 1,347,669 marker loci and 2,310,988 SNPs
(Table 5).
Most marker types showed a distribution gra-

dient across subgenomes, with the highest num-
ber associated with the B genome chromosomes
and the lowest with the D genome, reflecting the
differences in the level of polymorphism in these
subgenomes. The proportions of ISBPs, SNPs de-
tected from cultivar sequencing and GBS tags
localized to the D genome ranged between 9.3
and 12%, with the lowest numbers mapping to
the group 4 chromosomes (Table 5). Two hundred
and ninety-two of 1867 simple sequence repeat
(SSR) loci were successfully anchored to the CSS
survey sequence. This low number is not surpris-
ing, given that these loci derive from repetitive AT-
and GC-rich sequences that may be collapsed or
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Fig. 6. Sizes of selected gene families and protein domains among hexaploid wheat and diploid
relatives. (A) NB-ARC domain, (B) cysteine-rich gliadin domain, (C) AP2 domain, (D) MYB domain,
(E) Vrn1 (MADS-box/K-box domain), and (F) Ppd (photoperiod response regulator/CCTdomain).

Fig. 5. Subgenome transcriptional profiling for individual wheat tissues. (A) Two-dimensional hier-
archical cluster analysis of single-copy wheat homeologous gene expression (colors as in Fig. 2A)
compared with organ-specific gene expression. (B) Analysis of log2-fold changes in pairwise gene
expression between homeologous genes (averaged across organs). Top graphs depict the distributions
of log2 fold changes. Dot plots show the fold changes for each triplet ordered as shown in the y axis in
(A). Colored dots highlight homologs that show significant differential expression (P < 0.05). The
numbers of differentially expressed triplets across all organs are shown at the bottom of the figure.

  



represented by uneven read coverage in Illumina
sequences (80).
Well over 70 DNA markers are routinely de-

ployed by breeders for agronomic, pest resistance,
and end-use quality, and most are available in
the public domain (http://maswheat.ucdavis.edu).
Anchoring of these to the CSS would facilitate
identification of SNP markers for development
of high-density marker maps, as a resource of
correlated markers, and to aid map-based cloning
of genes underlying important traits. In total,
we anchored 68 of these markers to 74 contigs in
the CSS. The application of the CSS in marker
improvement was demonstrated with the CAPS
(cleaved amplified polymorphic sequence) marker
Usw47, which is linked to Cdu-B1, a gene respon-
sible for reduced grain cadmium content in tetra-
ploid wheat (81, 82). Although Usw47 is routinely
used in marker-assisted selection, it is not amen-
able to high-throughput genotyping. Alignment of
the Usw47 sequence against the CSS mapped it
to contig 5BL-10759151. This and eight neigh-
boring contigs in the GenomeZipper contained
33 SNP markers, of which 5 were polymorphic
in a doubled haploid mapping population used
previously to localize Cdu-B1. Of the five SNP
markers, two co-segregated, and the remainder
flanked the gene by a single recombination event.
These SNP markers can be readily implemented
now in a high-throughput fashion to select for

reduced grain cadmium content within breeding
programs.

Conclusion

We present the ordered and structured draft
sequence of the bread wheat genome as well as
a comparison between eight related wheat ge-
nomes. We defined a gene catalog for each of the
21 bread wheat chromosomes and positioned
more than 75,000 genes along the chromosomes
by using a combination of high-density wheat SNP
mapping and synteny to sequenced grass ge-
nomes. In contrast to other species (83), poly-
ploidization events in wheat did not cause a
“genome shock” with subsequent rapid genome
changes or functional dominance of one sub-
genome over the others. Intraspecific compara-
tive analyses revealed a dynamic wheat genome
with a high level of plasticity and a changing
gene repertoire shaped by gene losses and gene-
family expansions in all wheat genomes and sub-
genomes, with only a few species-specific genes.
Through interspecific comparisons, we observed
a higher abundance of intrachromosomal gene
duplications in wheat compared with other grass
genomes, which may be a mechanism for func-
tional adaptation and underlie the global suc-
cess of wheat as a cultivated crop.
The detection, chromosomal assignment, and

description of a large proportion of the gene

complement of bread wheat and their positional
assignment on chromosome arms is a major
milestone in facilitating the isolation of genes
underlying agronomically important traits, pro-
viding a reference for future integration into
systems biology, and improving wheat breeding
efficiency. Already, the resources developed in this
work have been used to support the analysis of
selected wheat chromosomes (20, 41, 84–86).
Last, as demonstrated by the completion of
the reference sequence for chr. 3B (23), this
draft genome sequence and complementary re-
sources will support the assembly and annotation
of the physical map–based reference sequen-
ces for the 21 bread wheat chromosomes.
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ULTRAFAST DYNAMICS

Imaging charge transfer in
iodomethane upon
x-ray photoabsorption
Benjamin Erk,1,2,3* Rebecca Boll,1,2,3 Sebastian Trippel,4 Denis Anielski,1,2,3

Lutz Foucar,2,5 Benedikt Rudek,2,3,6 Sascha W. Epp,2,3 Ryan Coffee,7 Sebastian Carron,7

Sebastian Schorb,7 Ken R. Ferguson,7 Michele Swiggers,7 John D. Bozek,7

Marc Simon,8,9 Tatiana Marchenko,8,9 Jochen Küpper,4,10,11 Ilme Schlichting,2,5

Joachim Ullrich,6,2,3 Christoph Bostedt,7 Daniel Rolles,1,2,5 Artem Rudenko12,2,3*

Studies of charge transfer are often hampered by difficulties in determining the charge
localization at a given time. Here, we used ultrashort x-ray free-electron laser pulses to
image charge rearrangement dynamics within gas-phase iodomethane molecules during
dissociation induced by a synchronized near-infrared (NIR) laser pulse. Inner-shell
photoionization creates positive charge, which is initially localized on the iodine atom.
We map the electron transfer between the methyl and iodine fragments as a function of
their interatomic separation set by the NIR–x-ray delay. We observe signatures of
electron transfer for distances up to 20 angstroms and show that a realistic estimate of
its effective spatial range can be obtained from a classical over-the-barrier model. The
presented technique is applicable for spatiotemporal imaging of charge transfer dynamics
in a wide range of molecular systems.

C
harge-transfer and charge-migration
processes—in particular, electron transfer—
drive numerous important transformations
in physics, chemistry, and biology (1–4).
A crucial issue for experimental studies

of such phenomena is the need to trace the
spatial localization of charge at a given time.
Earlier experiments exploited local photoexci-
tation of donor-acceptor constituents (5, 6) or
selective valence photoionization (2, 7) to trigger
the electron transfer, which was traced by reso-
nant absorption (2, 6), ion mass spectrometry (7)
or time-resolved fluorescence (5, 6). Because of
their element specificity, x-rays can be efficiently
employed to probe charge-transfer dynamics, trig-
gered either by a synchronized optical pulse (8),
or by the x-ray absorption itself (9). When short-

pulsed x-rays are used to initiate the dynamics—
for example, by inner-shell ionization—the initial
charge can be induced with a high degree of spa-
tial and temporal localization. Therefore, recent
developments of intense, ultrashort radiation
sources in the extreme-ultraviolet and x-ray
domain, such as high-harmonic generation and

free-electron lasers (FELs), have opened up a pro-
misingway to image charge-transfer processes in
space and time with atomic resolution. Moreover,
ultrafast dynamics after x-ray absorption—i.e.,
electronic rearrangement coupled to nuclearmo-
tion (10)—determinemechanisms and time scales
of radiation damage (11, 12), which is of particular
relevance for imaging applications employing
these light sources (13–15).
Here, we report on the direct experimental

mapping of charge-transfer dynamics upon inner-
shell ionization of a small polyatomic molecule,
iodomethane (CH3I). As sketched in Fig. 1, we
first dissociate themolecule using a femtosecond
near-infrared (NIR) laser and then ionize the sys-
tem with an intense x-ray pulse from the Linac
Coherent Light Source (LCLS) (16) at different
internuclear separations that are defined by the
delay between the NIR and the x-ray pulses. At
the intensity chosen in our experiment, the NIR
dissociation predominantly proceeds as two-body
breakup, creating CH3 and atomic I fragments,
both either neutral or singly charged (17, 18).
The x-ray pulse, arriving after awell-defined time
delay, ionizes almost exclusively the M shell of
the iodine atom, because for the photon energy
of 1500 eV used here, its x-ray absorption cross
section is ~60 times as high as that of the rest of
themolecule (19). Inner-shell photoionization and
subsequent fast (subfemtosecond) Auger decay,
which does not involve the valence electrons,
induces a positive charge that is initially strong-
ly localized on the iodine site. The charge then
spreads over the entire molecule, which under-
goes fast breakup. Depending on the internuclear
distance at the time of the x-ray absorption, two
different regimes of this charge redistribution
can be considered. When treating the iodine ion
and themethyl group in the dissociatingmolecule
as two independent systems, where the valence
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Fig. 1. Schematic of the NIR pump–x-ray probe experiment.The 800-nm NIR pulse (red) dissociates
themolecule.The x-ray pulse (purple) arrives after a certain time delay and creates one or a few inner-shell
vacancies through absorption of single or multiple photons by the iodine M shell.This is followed by a fast
local Auger decay that creates additional charge. For each of the dissociation channels, the delay between
the NIR and the x-ray pulses can bemapped onto the resulting internuclear distance R at the time of the
x-ray pulse arrival. At small delays (A), i.e., in a bound molecule, the delocalized valence electrons can
move between the atoms and participate in the decay processes filling the inner-shell holes at the iodine
site, such that the resulting charge is shared between the two fragments. In the intermediate regime (B),
the electrons exhibit a certain degree of localization, and the final charge distribution between the
fragments is defined by the R-dependent electron-transfer probability from the methyl group to the
iodine. At large delays (and, thus, at large internuclear separations) (C), the probability of charge transfer
between the two sites becomes negligible, and the final-state charge distribution results from the x-ray
interaction with the isolated methyl group and atomic iodine, respectively.



electrons are localized at the two respective sites
(atomic regime), charge rearrangement can oc-
cur via valence-electron transfer (20, 21) or by
nonlocal (interatomic) Auger processes (22–24).
In the case of an intact molecule, which is best
described in a molecular orbital picture, this dis-
tinction is not well defined, and the relaxation
of a localized hole is typically considered as mo-
lecular Auger decay, potentially involving any of
the delocalized valence electrons (23, 24).
By measuring the charge state and the kinetic

energy distributions of the resulting fragment
ions as a function of NIR–x-ray delay, we probe
the charge redistribution between the fragments
as a function of their internuclear separation
R. Figure 2A shows the measured kinetic energy
distribution for the exemplary I6+ fragment as
a function of time delay between the NIR and
x-ray pulses. The kinetic energy of the iodine ions
mainly originates from the Coulomb repulsion
between the fragments and thus directly reflects
the distance R between them (24). Three major
features (marked 1, 2, and 3 in Fig. 2) can be
clearly distinguished in the time-resolved kinetic
energy spectrum. I6+ fragments in the broad high-
energy band 1 centered at ~7 eV originate from
molecules that absorb one or several x-ray pho-
tons at or close to the equilibrium geometry of
the molecule. These are events in which the mol-
ecules either did not interact with the NIR pulse
or remained bound after this interaction—for ex-
ample, as CH3I

+ or CH3I
2+ ions. This broad feature

closely resembles the kinetic energy distribution
of I6+ fragments that was measured with only
the x-ray pulse (blue dots in Fig. 2B). The delay-
dependent structure 2, which descends from the
high-energy band 1 at small time delays to low
kinetic energies as the delay increases, asymp-
totically approaching 0.54 eV, corresponds to events
where the molecule is first dissociated by the NIR
laser and later multiply ionized by the x-ray pulse.
The internuclear distance in the dissociatingmol-
ecule increases with the pump-probe delay, which
is reflected in decreasing fragment kinetic energies.
At the NIR intensity used in our measurement
(~8×1013W/cm2), thedominantNIR-induceddisso-
ciation channels are CH3 + I+ (0,1 channel), CH3

+ +
I (1,0), and CH3

+ + I+ (1,1) (see the supplementary
materials for details). Because the x-ray pulse almost
exclusively ionizes the iodine fragment, the latter
two channels result in a Coulomb explosion after
the x-ray absorption. The dashed lines in Fig. 2A
show the simulated delay-dependent kinetic energy
of I6+ ions, which are produced by the NIR disso-
ciation into the (1,1) channel, where both fragments
are initially singly charged, and subsequentmultiple
ionization by the x-ray pulse results in the Coulomb
explosion into I6+ + C+ (lower-energy line) or I6+ +
C2+ (higher energy line) final states.
For the (0,1) channel, the situation is consid-

erably different. Here, a Coulomb explosion hap-
pens only if part of the charge that is induced on
the iodine is transferred to the initially neutral
methyl group, because x-ray absorption by the
CH3 itself is very unlikely given the correspond-
ing cross sections. If no charge transfer occurs,
the final state after the interaction with both the

NIR and x-ray pulses is I6+ + CH3, which results
in I6+ fragments with very low kinetic energies.
These are visible as the narrow band 3 in Fig. 2A
that is centered around the asymptotic NIR dis-
sociation energy at 0.06 eV (see the supple-
mentary materials). Both channels 2 and 3 also
appear as two low-energy peaks in the projection
in Fig. 2B. They are completely absent in the
spectrum recorded with only the x-ray pulse,
confirming that they originate from the com-
bination of NIR and x-ray pulses.
The low-energy band 3 in Fig. 2A does not

appear at time delays smaller than 100 fs, as can
be seen in Fig. 2C, where the yield of this channel
is plotted as a function of the pump-probe delay.
After the first 100 fs, this channel exhibits a fast
increase before leveling off above ~300 fs. This
indicates that themethyl fragment cannot remain
neutral if it is in close proximity to the highly
charged iodine ion; that is, charge rearrangement
occurs. To investigate the delay dependence, and
thus the spatial range of this rearrangement (or
electron transfer) in more detail, we measured
the delay-dependent yield of the lowest-energy
channel 3 (Fig. 3A) for four different charge
states of iodine. Assuming a constant dissocia-
tion velocity and using the measured asymp-
totic value of kinetic energy for the NIR-induced

(0,1) dissociation channel, we can map the mea-
sured NIR–x-ray delay to internuclear distance
(see the supplementary materials for details).
The initial zero yield of this channel indicates
that at rather small distances, at least one elec-
tron always leaves the methyl group or, in other
words, the electron-transfer probability is satu-
rated. For larger delays, the transfer rate decreases,
and there is a finite probability for the CH3 frag-
ment to remain neutral, which is reflected in the
increasing yield of low-energy iodine fragments.
Beyond a certain distance, the charge transfer
between iodine and carbon becomes prohibi-
tively improbable. As can be clearly seen from
the data, this critical internuclear distance Rcr

depends on the iodine charge state.
This dependence can be understood by con-

sidering the classical over-the-barrier charge-
transfer model for a two-center system developed
in (20, 25). There, the binding energy of the elec-
tron in one of the fragments is considered in the
Coulomb field of its partner. At the critical dis-
tance Rcr, the height of the classical potential
barrier between the two centers becomes larger
than the binding energy of the valence electrons,
such that the electrons are localized and cannot
be transferred to the other fragment anymore.
The critical values of the internuclear distance
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Fig. 2. Map of the delay-dependent kinetic-energy distribution of I6+ ions. (A) Measured kinetic-
energy distribution of all I6+ ions as a function of time delay between the NIR and the x-ray pulse. The
dashed lines show results of Coulomb explosion simulations for the (1,1) dissociation channel.The inset in
the lower right corner displays an enlarged view of the low-energy region of the spectrum. (B) Projection of
(A) onto the kinetic-energy axis. Channel 1 closely resembles the I6+ spectrummeasured with only the
x-ray pulse (blue dots). Channel 2 peaks at the asymptotic energy of 0.54 eV, and channel 3 exhibits a
very sharp peak at 0.06 eV.The latter two features are completely absent in the data recorded with only
the x-ray pulse. (C) Delay-dependent yields of channel 1 (blue, energies > 6 eV) and channel 3 (red,
energies < 0.3 eV). Channel 1 shows a pronounced increase when the NIR and the x-ray pulse overlap in
time. This cross-correlation signal can be fitted by a Gaussian of ~110 fs (FWHM), which provides a
measure of the experimental time resolution as well as the nominal “zero” delay (29).
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for different iodine charge states obtained from
this model are shown as triangles in Fig. 3A. Ac-
cording to this classical picture, the charge trans-
fer is forbidden for R > Rcr and allowed for R <
Rcr. The dashed lines in Fig. 3A depict the re-
sulting step function convolved with the time
resolution of the experiment as estimated from
the cross-correlation signal shown in blue in
Fig. 2C. For the I4+ yield in Fig. 3A, the simula-
tionmatches the experimental data well, whereas
for higher-charge states, a considerable discrep-
ancy is observed. This discrepancy reflects an R
dependence of the charge-transfer probability,
which goes beyond the simple step function de-
scribed by the classical model. It can be qual-
itatively understood by considering that the
charge-transfer rate is expected to decrease ex-
ponentially with R, with the exponent given by
a characteristic inverse distance defined by the
overlap of the two wave functions localized at
the respective sites (26). This characteristic dis-
tance can be associated with the critical distance
Rcr obtained from the classical over-the-barrier
model, resulting in the longer saturation and the
slower rise time of the signal for higher charge
states in Fig. 3A.
As a complementary set of observables high-

lighting the charge-transfer dynamics, we plot
the delay-dependent yields of the carbon frag-
ments C3+ and C4+ in Fig. 3B. These carbon ions
mainly acquire their charge not from direct pho-
toabsorption but from electron transfer to the
initially ionized iodine. Their highest yield there-
fore occurs for intact molecules, corresponding
to time delays ≤ 0 fs, while their yield decreases
for dissociating molecules within the first hun-
dred femtoseconds. The effective time resolu-
tion of this experiment is around 110 fs, as can
be seen from the x-ray–NIR cross-correlation
signal shown in Fig. 2C. Therefore, it is likely
that the fall time of the C3+ and C4+ yield curves
in Fig. 3B is defined by this time resolution and
that the real decrease in rate due to the sup-

pression of the charge transfer at larger Rmight
be even faster. Another pronounced feature in
Fig. 3B is a broad hump in the yield of the car-
bon ions centered at ~400 fs that can be fitted
by a Gaussian function with a full width at half
maximum (FWHM) of 300 fs. It appears as a
consequence of impulsive laser alignment of the
CH3I molecules by the NIR pulse and a limited
angular acceptance of our experimental setup
for very energetic ions (see the supplementary
materials). In brief, the alignment along the NIR
laser polarization direction, which is parallel to
the spectrometer axis, effectively enhances the
energy acceptance, resulting in the increase of
the carbon ion signals at the corresponding de-
lays. The position andwidth of the observed local
maximummatches the results of earlier measure-
ments on impulsive alignment of iodomethane (27).
Contrary to the lowest-energy iodine frag-

ments discussed above, the “precursor” disso-
ciation channel after the NIR pulse cannot be
unambiguously defined for the data of Fig. 3B.
In addition, for the carbon ion yields shown in
Fig. 3B, the total final charge state of the mole-
cule is not well defined. For these two reasons,
we cannot perform the same quantitative anal-
ysis for the carbon fragments. Nevertheless, the
trend in yields of these carbon ions, produced
as a result of the charge transfer, supports our
interpretation of electronic rearrangement after
x-ray absorption. The very fast initial decrease
of the highly charged carbon ion yields indicates
that their production is more sensitive to increas-
ing internuclear distance than the yields of the
lowest-energy In+ channels.
The experiment described here establishes a

link between studies of charge transfer phenom-
ena on the level of individual atoms, as previ-
ously realized in atomic collisions with highly
charged ion beams (20, 21), and experiments on
charge flow in extended systems relevant for
chemistry or biology (2–7). The measured critical
internuclear distances supported by the classical

over-the-barrier model mark the transition be-
tweenwhat can be considered themolecular and
the atomic regimes mentioned in the introduc-
tion. The electron-transfer rate, which decreases
as a function of the internuclear distance, reflects
the increasing degree of localization of the va-
lence electrons as the system evolves from a
bound molecule to isolated methyl and iodine
fragments. Based on the distance dependence
measured in this work, we cannot clearly dis-
tinguish valence electron transfer after the local
(intra-atomic)Auger decay from interatomicAuger-
like mechanisms (22, 23) because, for both cases,
theR dependence is defined by the overlap of the
two wave functions, which decreases exponen-
tially with increasing distance R (26, 28). This
distinction could be resolved bymeasuring inter-
nuclear distance-dependent Auger electron spectra
of dissociating molecules.
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ASYMMETRIC CATALYSIS

High-turnover hypoiodite catalysis for
asymmetric synthesis of tocopherols
Muhammet Uyanik,1 Hiroki Hayashi,1 Kazuaki Ishihara1,2*

The diverse biological activities of tocopherols and their analogs have inspired considerable
interest in the development of routes for their efficient asymmetric synthesis. Here, we
report that chiral ammonium hypoiodite salts catalyze highly chemo- and enantioselective
oxidative cyclization of g-(2-hydroxyphenyl)ketones to 2-acyl chromans bearing a quaternary
stereocenter, which serve as productive synthetic intermediates for tocopherols.
Raman spectroscopic analysis of a solution of tetrabutylammonium iodide and tert-butyl
hydroperoxide revealed the in situ generation of the hypoiodite salt as an unstable catalytic
active species and triiodide salt as a stable inert species. A high-performance catalytic
oxidation system (turnover number of ~200) has been achieved through reversible
equilibration between hypoiodite and triiodide in the presence of potassium carbonate
base.We anticipate that these findings will open further prospects for the development of
high-turnover redox organocatalysis.

B
iologically active compounds containing
a chiral chroman skeleton are abundant
in nature (1). One of the most prominent
chiral chromans is a-tocopherol, which
is in the same family as vitamin E, to-

gether with b-, g-, and d-tocopherols and the cor-
responding a-, b-, g-, and d-tocotrienols (Fig. 1A)
(2). a-Tocopherol acts as a lipid-soluble, chain-
breaking antioxidant by capturing free radicals or
singlet oxygen formed by oxidative metabolism
in tissues (3). Furthermore, tocopherols show
physiologically diverse properties, including anti-
tumor, anti-inflammatory, anti-atherosclerosis,
and cell-signaling activities (4–8). Various non-
natural tocopherol analogs have also been devel-
oped because of their potency and distinct
structural features. For example, trolox and its
derivatives have been used as a chiral derivatizing
reagent (9) and NO-releasing drug candidates
(10). Dihydrodaedalin A, a synthetic intermediate
for the natural product daedalin A (11), is a potent
tyrosinase inhibitor and has been shown to
suppress melanogenesis in human skin without

affecting cell viability (12). C48 developed by
Merck research laboratories (Rahway,New Jersey)
is a potent, selective peroxisome proliferator–

activated receptor–a/g dual agonist and exhibits
substantial antihyperglycemic and hypolipidemic
activities (13).
Natural D-a-tocopherol is formally (2R,4'R,8'R)-

2,5,7,8-tetramethyl-2-(4',8',12'-trimethyltridecyl)-6-
chromanol. The (2R)-configuration at the chroman
ring among the three stereocenters of a-tocopherol
is critical for its bioactivity; (2S)-stereoisomers
are not accepted by the tocopherol transfer pro-
tein (5). Thus, asymmetric construction of the
chroman ring has been an important challenge
(1, 2). Enantioselective processes have been de-
veloped to address this need by using chiral
transition metal complexes (Pd or Ru) (14–16)
or organocatalysts (17, 18). However, the low cat-
alytic activities and/or moderate enantioselec-
tivities have limited their utility (2). Here, we
report a transition metal–free (19) approach for
the enantioselective synthesis of tocopherols and
their analogs by using chiral hypoiodite catalysts
(20, 21) generated in situ from the corresponding
quaternary ammonium iodide with alkyl hydro-
peroxides as environmentally benign co-oxidants
(Fig. 1B). Chemoselective oxidative cyclization of
hydroquinone-derived g-(2-hydroxyphenyl)ketones
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Fig. 1. A catalytic route to the tocopherol core. (A) Biologically active tocopherols and other chromans.
(B) Enantioselective oxidative cycloetherification of γ-(2-hydroxyphenyl)ketones 1 to 2-acyl chromans 2 by
in situ–generated chiral hypoiodite catalysts.
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Fig. 1. A catalytic route to the tocopherol core. (A) Biologically active tocopherols and other chromans.
(B) Enantioselective oxidative cycloetherification of γ-(2-hydroxyphenyl)ketones 1 to 2-acyl chromans 2 by
in situ–generated chiral hypoiodite catalysts.
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gives >95% yield of the corresponding 2-acyl
chromans; with the quaternary stereocenter set
in high enantioselectivity, these products are poised
for elaboration to a range of tocopherols.
Previously, we developed in situ–generated chi-

ral quaternary ammonium hypoiodite (R4NOI) ca-
talysis for the enantioselective oxidative cyclization
of b-(2-hydroxyphenyl)ketones to the five-membered
ring products 2-acyl-2,3-dihydrobenzofurans with
hydrogen peroxide or tert-butyl hydroperoxide
(TBHP) as co-oxidants (20). The use of chiral
binaphthyl-based quaternary ammonium (22) io-
dide as a precatalyst and anN-phenylimidazol-2-yl
(Z) (23) group as an auxiliary of b-(2-hydroxyphenyl)
ketones was effective for inducing high enantio-
selectivities. We envisioned that the enantioselec-
tive oxidative cyclization of g-(2-hydroxyphenyl)
ketones (1) would give the desired six-membered
ring 2-acyl chromans (2) (Fig. 1B).
To begin our investigation, we compared the

enantioselective oxidative cyclization of (5-tert-
butyldimethylsilyloxy-2-hydroxyphenyl)ketones
(1a and 3a) derived from trimethyl hydroquinone
(Fig. 2A). Oxidative cyclization of 3a under pre-
vious conditions by using 10 mole percent
(mol %) of ammonium iodide (R,R)-5a and
hydrogen peroxide (2 equivalents) as an oxidant
in methyl tert-butyl ether (MTBE) gave five-
membered ring dihydrobenzofuran (R)-4a in 95%
yieldwith 93% enantiomeric excess (ee). In sharp
contrast, oxidative cyclization of 1a to the six-
membered ring under the same conditions was
sluggish, and only a trace amount of the desired
2-acyl chroman 2awas obtained together with a
small amount (10% yield) of phenol-oxidation
product 6a.
The posited catalytic mechanism and side-

reaction pathway are summarized in Fig. 2B.
The above results and competition experiments
(table S1) suggested that oxidative cyclization
to a six-membered ring was much slower than
cyclization to a five-membered ring. Thus, un-
desired side reactions, such as the dearomati-
zation of 1a, preferentially proceeded to give
side-products 6a and/or 6b, presumably via
phenoxenium ion 7 (24). The cyclization step
might be rate-limiting for six-membered ring
oxidative cyclization. Consequently, the in situ–
generated catalytic active species (hypoiodite)
was easily converted to an inert species such as
triiodide salts, as confirmed with Raman analy-
sis. For the construction of an efficient catalytic
cycle, the oxidative cyclization step should not
be rate-limiting. To address this issue, the oxi-
dation of iodide (path a) should be decelerated,
oxidative cyclization (path b) should be accel-
erated, or the inactivation (path c) should be
suppressed or reversed. The use of TBHP as a
weaker oxidant (25) instead of hydrogen per-
oxide solved this problem partially by decel-
eration of the generation of active species.
Substrate 1a was consumed within 1 hour; how-
ever, the desired product 2a was obtained in
only 15% yield with 18% ee (Fig. 2A). Undesired
dearomatization dominated again, and quinone
6a and peroxy quinol 6b were obtained in a
combined yield of 65%.
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Fig. 2. Investigation of six-membered ring oxidative cyclization. (A) Comparison of five- and six-
membered enantioselective oxidative cyclizations. Isolated yields of 2a, 4a, and 6 are reported. TBS,
tert-butyldimethylsilyl. (B) Proposed catalytic mechanism and side-reaction pathway. “X” (in XOOH),
H or alkyl. (C) Investigation of reaction parameters toward a-tocopherol. Isolated yields of 2b and 4b
are reported. ee was determined by means of chiral stationary-phase high-performance liquid chro-
matography (HPLC). The absolute configuration of 2b was determined by comparing the optical
rotation of 9 (Fig. 3B) derived from 2b with the literature value (31), and all other chromans 2 were
assigned through analogy. The absolute configurations of 4a and 4b were determined by using their
known analogs (20).
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To prevent undesired dearomatization and ac-
celerate the desired cyclization path, a para-
toluenesulfonyl (Ts) group was introduced as an

electron-withdrawing protective group in place
of the silyl group of 1a. As expected, the oxida-
tive cyclization of 1b with 10 mol % of (R,R)-5a

gave desired (R)-2b quantitatively, with 60% ee
(Fig. 2C, entry 1). The 3,3′-substituents of the
binaphthyl moiety of (R,R)-5 had a dramatic
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Fig. 3. Application to structurally diverse sub-
strates. (A) Enantioselective oxidative cycloether-
ification of various γ-(2-hydroxyphenyl)ketones
1 to chromans 2. Unless otherwise noted, 1 mol %
of (R,R)-5a or (R,R)-5d was used in the presence
of potassium carbonate. Asterisk indicates that
the reactionwasperformedby using 10mol% (R,R)-
5a in the absence of K2CO3 with TBHP instead of
CHP at 0°C. Dagger symbol indicates that (R)-2h
and (S)-2h were obtained in optically pure forms
after a single re-crystallization. (B) Asymmetric
formal syntheses of (S)-trolox,D-a-tocopherol, and
D-a-tocotrienol. MeOTf, methyl trifluoromethane-
sulfonate; DBU, 1,8-diazobicyclo[5.4.0]undec-7-ene.

Fig. 4. Probing the active catalyst. (A) Detection of catalytic
species. A series of Raman spectra (a to c) obtained upon
the addition of sodium hydroxide to a solution of n-
tetrabutylammonium iodide and TBHP are shown. (B)
Control experiments with n-tetrabutylammonium triiodide
in the presence or absence of potassium carbonate.
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effect on enantioselectivity and reactivity (Fig.
2C, entries 1 to 4). To our surprise, the use of
(R,R)-5b in place of (R,R)-5a gave (S)-2b as an
opposite enantiomer, with higher enantioselec-
tivity (86% ee) (Fig. 2C, entry 2). The opposite
absolute stereoselectivity was observed with the
use of not only (R,R)-5b but also (R,R)-5c and
(R,R)-5d, which have biphenyl groups at the 3,3′
positions (Fig. 2C, entries 2 to 4). The best result
(96% yield, 89% ee) was obtained after a shorter
reaction time with perfluoroalkyl-substituted am-
monium iodide (R,R)-5d (Fig. 2C, entry 4). Be-
cause the oxidative cyclization step might not
be rate-limiting for 1b, which was more reactive
than 1a, hydrogen peroxide could be used as an
oxidant, albeit with a slightly reduced enantio-
selectivity (Fig. 2C, entry 5). When cumene hydro-
peroxide (CHP) was used as an oxidant in diethyl
ether, the reaction was complete in 45 min, and
(S)-2b was obtained quantitatively, with 93% ee
(Fig. 2C, entry 6).
A reduction in the catalyst loading might

cause competition between inactivation (path c)
and oxidative cyclization (path b) in this catalytic
system (Fig. 2B). When 1 mol % of 5d was used,
no reaction occurred, and the starting material
was recovered fully (Fig. 2C, entry 7). To overcome
this problem, suppression or reversible control of
the inactivation pathwas considered. It is known
that hypoiodite salts can be prepared with the
hydrolysis of triiodide salts in alkaline solutions,
and these species are in equilibrium under basic
conditions (26). We envisioned that the hypoio-
dite species might be regenerated from triiodide
species in the presence of appropriate base addi-
tives under our catalytic conditions. After the in-
vestigation of various organic and inorganic base
additives (table S4), we succeeded in developing
a high-performance catalytic oxidation system in
the presence of an inorganic base such as potas-
sium carbonate. Thus, the catalyst loading could
be reduced to 1 or even 0.5 mol % [turnover num-
ber (TON) of the catalyst = 200] for the oxidation
of 1b in the presence of one equivalent of potas-
sium carbonate without reducing the chemical
yield or enantioselectivity (Fig. 2C, entries 8 and 9).
Furthermore, the TON of the catalyst was 2000
for the five-membered oxidative cyclization of 3b
(Fig. 2C, entry 10). These reaction conditions were
compatible with gram-scale synthesis (Fig. 2C,
entries 8 and 10).
We examined several g-(2-hydroxyphenyl)

ketones 1 under optimized conditions (Fig. 3A).
(S)-2-Acylchromans 2c–e, which would be a syn-
thetic intermediate for b-, g-, and d-tocopherols,
were obtained quantitatively with high enantio-
selectivities by using 1 mol % of (R,R)-5d.
The reactions of g-[5-(4-chlorobenzoyloxy)-2-
hydroxyphenyl]ketone 1f and g-(4-tosyloxy-2-
hydroxyphenyl)ketone 1g by using (R,R)-5a gave
(R)-2f and (R)-2g, respectively. Compounds (R)-
2f and (R)-2g would potentially offer a different
route to dihydrodaedalin A (11, 12) and Merck’s
compound C48 (13), respectively. The oxidative
cyclizations of 1h by using 1 mol % of (R,R)-5a
and (R,R)-5d under the same conditions pro-
vided both enantiomers of the chroman 2h

with high enantioselectivities. The optically pure
enantiomers 2h could be obtained after a single
recrystallization.
The formal syntheses of D-a-tocopherol, D-

a-tocotrienol, and (S)-trolox were also achieved
(Fig. 3B). The (N-phenylimidazol-2-yl)carbonyl
group of product 2b was easily transformed (23)
to the methyl ester (8), which could be obtained
in optically pure form after a single recrystalliza-
tion. Subsequent deprotection of the tosyl group
of 8 under mild conditions gave 9 in high chem-
ical yield. The ester 9 is a common synthetic inter-
mediate for D-a-tocopherol (27), D-a-tocotrienol
(28), and (S)-trolox (29). Other tocopherols and
their biologically active analogs could be easily
prepared in a similar manner.
To gain insight into the catalytic mechanism,

we performed various control experiments and
spectroscopic analysis (Fig. 4, tables S5 and S6,
and figs. S1 to S8). A series of Raman spectra
obtained upon the addition of sodium hydroxide
to a solution of n-tetrabutylammonium iodide
(Bu4NI) and TBHP is shown in Fig. 4A. To our
delight, we detected unstable hypoiodite [IO]–

and hypoiodous acid [IOH] species (30). Spec-
trum a, which includes three main bands at 110,
417, and 438 cm–1, was recorded immediately af-
ter the mixing of Bu4NI with TBHP. The other
bands were attributed to the solvents and re-
agents used. The band at 110 cm–1 is character-
istic of [I3]

–. The bands at 417 and 438 cm–1 were
assigned to [IO]– and [IOH] species, respective-
ly, on the basis of the literature (30) and our
control experiments (figs. S4 to S7). These two
species might be in equilibrium under these
conditions and disappeared steadily with time,
and only a band of triiodide was observed after
2 hours (spectrum b). No other inert species such
as iodate and periodate were observed at this
time. The band of triiodide decreased immedi-
ately under basic conditions (spectrum c). A new
band at 768 cm–1, which is characteristic of the
iodate [IO3]

– spectrum, was observed (30). This
indicated the rapid generation and subsequent
disproportionation of hypoiodite species (30).
These results revealed that hypoiodite is an un-
stable catalytic active species and that triiodide
is a stable inert species under our conditions
(Fig. 2B). Although iodite species [IO2]

– could
not be detected, we could not completely rule out
a catalytic role of [IO2]

–. The regeneration of hy-
poiodite from triiodide was also confirmed with
control experiments (Fig. 4B and table S6). Oxi-
dative cyclization of 1h did not occur with the
use of n-tetrabutylammonium triiodide but pro-
ceeded in the presence of potassium carbonate
under identical conditions.

REFERENCES AND NOTES

1. H. C. Shen, Tetrahedron 65, 3931–3952 (2009) and references
therein.

2. T. Netscher, Vitam. Horm. 76, 155–202 (2007) and references
therein.

3. J. E. Packer, T. F. Slater, R. L. Willson, Nature 278, 737–738
(1979).

4. The Alpha-Tocopherol Beta Carotene Cancer Prevention Study
Group, N. Engl. J. Med. 330, 1029–1035 (1994).

5. D. H. Blatt, W. A. Pryor, J. E. Mata, R. Rodriguez-Proteau,
J. Nutr. Biochem. 15, 380–395 (2004).

6. M. Tomasetti, J. Neuzil, Vitam. Horm. 76, 463–491
(2007).

7. A. C. Howard, A. K. McNeil, P. L. McNeil, Nat. Commun. 2, 597
(2011).

8. P.-H. Huang et al., Sci. Signal. 6, ra19 (2013).
9. W. Walther, W. Vetter, T. Netscher, J. Micro. Sep. 4, 45–49

(1992).
10. G. V. López et al., Bioorg. Med. Chem. 13, 5787–5796

(2005).
11. M. Sekimoto, Y. Hattori, K. Morimura, M. Hirota,

H. Makabe, Bioorg. Med. Chem. Lett. 20, 1063–1064
(2010).

12. Y. Morimura, M. Hirota, Y. Hattori, H. Makabe, “Chroman
compound and method for preparing the same,” Japan patent
5212969 (2013).

13. H. Koyama et al., J. Med. Chem. 47, 3255–3263
(2004).

14. B. M. Trost, H. C. Shen, L. Dong, J.-P. Surivet, C. Sylvain, J. Am.
Chem. Soc. 126, 11966–11983 (2004).

15. L. F. Tietze, K. M. Sommer, J. Zinngrebe, F. Stecker,
Angew. Chem. Int. Ed. Engl. 44, 257–259 (2004).

16. S. Tanaka, T. Seki, M. Kitamura, Angew. Chem. Int. Ed. Engl.
48, 8948–8951 (2009).

17. A. Chougnet, K. Liu, W.-D. Woggon, Chimia (Aarau) 64,
303–308 (2010) and references therein.

18. S. Tokunou, W. Nakanishi, N. Kagawa, T. Kumamoto, T. Ishikawa,
Heterocycles 84, 1045–1056 (2012).

19. B. List, K. Maruoka, Eds., Science of Synthesis:
Asymmetric Organocatalysis (George Thieme Verlag,
Stuttgart, 2012).

20. M. Uyanik, H. Okamoto, T. Yasui, K. Ishihara, Science 328,
1376–1379 (2010).

21. M. Uyanik, K. Ishihara, ChemCatChem 4, 177–185
(2012).

22. T. Ooi, K. Maruoka, Angew. Chem. Int. Ed. Engl. 46, 4222–4266
(2007).

23. D. A. Evans, K. R. Fandrick, H.-J. Song, K. A. Scheidt, R. Xu,
J. Am. Chem. Soc. 129, 10029–10041 (2007).

24. D. Magdziak, S. J. Meek, T. R. R. Pettus, Chem. Rev. 104,
1383–1430 (2004).

25. R. D. Cadle, H. Huff, J. Phys. Colloid Chem. 54, 1191–1195
(1950).

26. Y.-T. Chia, thesis, University of California, Berkeley
(1958).

27. M. Nozawa, K. Takahashi, K. Kato, H. Akita, Chem. Pharm. Bull.
(Tokyo) 48, 272–277 (2000).

28. R. Chênevert, G. Courchesne, N. Pelchat, Bioorg. Med. Chem.
14, 5389–5396 (2006).

29. A. Ida, Y. Kyuko, T. Hidaka, “Method of producing (S)-(–)-6-
hydroxy-2,3,7,8-tetramethylchromane-2-carboxylic acid and
product obtained by the method,” U.S. Patent 8,080,676
(2011).

30. J. C. Wren, J. Paquette, S. Sunder, B. L. Ford, Can. J. Chem. 64,
2284–2296 (1986).

31. H. Yoda, K. Takabe, Chem. Lett. 18, 465–466 (1989).

ACKNOWLEDGMENTS

Financial support for this project was partially provided by the
Japan Society for the Promotion of Science, Grant-in-Aid for
Scientific Research (KAKENHI) (24245020, 22750087, and
25105722), and Program for Leading Graduate Schools
“Integrative Graduate Education and Research in Green Natural
Sciences,” Ministry of Education, Culture, Sports, Science and
Technology, Japan. Metrical parameters for the structure of
compound 2h are available free of charge from the Cambridge
Crystallographic Data Centre under reference number CCDC
996935. M.U. and K.I. developed the concept and conceived the
experiments. H.H. performed the experiments. H.H. and M.U.
analyzed the data. M.U. and K.I. prepared the manuscript, with
assistance from H.H.

SUPPLEMENTARY MATERIALS

www.sciencemag.org/content/345/6194/291/suppl/DC1
Materials and Methods
Tables S1 to S7
Figs. S1 to S9
HPLC Traces
NMR Chart
References (32–53)

18 April 2014; accepted 10 June 2014
10.1126/science.1254976

294 18 JULY 2014 • VOL 345 ISSUE 6194 sciencemag.org SCIENCE

RESEARCH | REPORTS



PHOTOVOLTAICS

A hole-conductor–free, fully
printable mesoscopic perovskite
solar cell with high stability
Anyi Mei,1* Xiong Li,1* Linfeng Liu,1 Zhiliang Ku,1 Tongfa Liu,1 Yaoguang Rong,1 Mi Xu,1

Min Hu,1 Jiangzhao Chen,1 Ying Yang,1 Michael Grätzel,2 Hongwei Han1†

We fabricated a perovskite solar cell that uses a double layer of mesoporous TiO2 and
ZrO2 as a scaffold infiltrated with perovskite and does not require a hole-conducting
layer. The perovskite was produced by drop-casting a solution of PbI2, methylammonium
(MA) iodide, and 5-ammoniumvaleric acid (5-AVA) iodide through a porous carbon film.
The 5-AVA templating created mixed-cation perovskite (5-AVA)x(MA)1-xPbI3 crystals with
lower defect concentration and better pore filling as well as more complete contact with
the TiO2 scaffold, resulting in a longer exciton lifetime and a higher quantum yield for
photoinduced charge separation as compared to MAPbI3. The cell achieved a certified
power conversion efficiency of 12.8% and was stable for >1000 hours in ambient air
under full sunlight.

O
rganic-inorganic metal halide perovskite
mesoscopic solar cells (1–3) have rapidly
reached conversion efficiencies over 15%
(4, 5), and most use a methylammonium
lead halide (MAPbX3, X = halogen) and

its mixed-halide crystal analog (6–14). These
perovskites have a large absorption coefficient,
high carrier mobility, direct band gap, and high
stability. They are composed of Earth-abundant
materials and can be deposited by low-temperature
solution methods. However, perovskite crystalli-
zation from solution produces large morpholog-
ical variations (14) and incomplete filling of the
mesoporous oxide scaffold, which results in an
unwanted spread of the photovoltaic perform-
ance of the resulting devices. Most devices use
gold as a back contact, in conjunction with or-
ganic hole conductors acting as electron-blocking
layers. Hole conductors such as the widely used
arylamine spiro-OMeTAD are not only expensive
but can limit the long-term stability of the device.
Hole-conductor–free perovskite photovoltaicswere
initially reported by Etgar et al. (15), and to date
power conversion efficiencies (PCEs) of 10.85%
(16–18) have been achieved, with gold as a
counter-electrode.
We fabricated a solar cell using a double layer

ofmesoporous TiO2 and ZrO2 covered by a porous
carbon film. The metal halide perovskite was
infiltrated into the porous TiO2/ZrO2 scaffold by
drop-casting a solution through the printed car-
bon layer that contained PbI2 in g-butyrolactone,
together with methylammonium (MA) and 5-
aminovaleric acid (5-AVA) cations. 5-AVA replaced

part of the MA cations in the cuboctahedral site
of MAPbI3, forming the newmixed-cation perov-
skite (5-AVA)x(MA)1-xPbI3. The orthorhombic pe-
rovskite phase formed in the presence of 5-AVA
showed greatly increased PCE compared with
the neat analog in a hole-conductor–free cell that
used a simplemesoscopic TiO2/ZrO2/C triple layer
as a scaffold to host the perovskite absorber. The
role of 5-AVA cations was to template the forma-
tion of perovskite crystals in the mesoporous
oxide host and induce preferential growth in the
normal direction. The resulting mixed-cation pe-
rovskite (5-AVA)x(MA)1-xPbI3 has better surface
contact with the TiO2 surface and lower defect
concentration than the single-cation formMAPbI3,
resulting in improved conversion efficiency. The

triple-layer device also exhibits excellent long-
term stability.
A schematic cross section of the triple-layer,

perovskite-based, fully printable mesoscopic solar
cell (Fig. 1A) shows that themesoporous layers of
TiO2 and ZrO2 have thicknesses of ~1 and 2 mm,
respectively, that were deposited on a F-doped
SnO2 (FTO)–covered glass sheet. The mesopo-
rous layers were infiltrated with perovskite by
drop-casting from solution through a 10-mm-
thick carbon layer printed on top of the ZrO2.
The energy band alignment of the device (Fig.
1B) prevents electrons, injected from the photo-
excited perovskite into the TiO2 scaffold, from
reaching the back contact because of the 0.6-eV
offset between its conduction band and that of
ZrO2. The compact TiO2 layer deposited on the
FTO conducting glass prevents the valence band
holes from reaching the FTO-covered front
electrode. The CH3NH3PbI3 perovskite unit cell
(Fig. 1C) contains one Pb2+, one organic ammo-
nium cation, and three I– anions (19).
We introduced the 5-AVA cation into the pe-

rovskite lattice with a mixture of MA and 5-AVA
in the precursor solution that maintained a 1:1
molar ratio of organic ammonium cations and PbI2.
The optimalmolar ratio of ammonium cations in
(5-AVA)x(MA)1-xPbI3 was determined to be be-
tween 1:20 and 1:30. The x-ray diffraction (XRD)
patterns of neatMAPbI3 and (5-AVA)x(MA)1-xPbI3
infiltrated into the mesoporous ZrO2/TiO2

film are compared in Fig. 2. The newly emerging
diffraction peaks arising from the (001) and (111)
lattice planes for (5-AVA)x(MA)1-xPbI3 are much
stronger than the corresponding ones forMAPbI3.
And even at low 5-AVA/MAmolar ratios, 5-AVA
substantially increases the b and c lattice pa-
rameters. The large expansion of the c axis in-
duced by 5-AVA indicates its preferential alignment
along this axis through contact with lead and
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Fig. 1. The triple-layer perovskite
junction. (A) Schematic drawing
showing the cross section of the
triple-layer perovskite–based fully
printable mesoscopic solar cell. The
mesoporous layers of TiO2 and ZrO2

have a thickness of ~1 and 2 mm,
respectively, and are deposited on a
FTO-covered glass sheet shown in blue
and gray.They are infiltrated with
perovskite by drop-casting from
solution. (B) Energy band diagram of
the triple-layer device. Energies are
expressed in electron volts, using the
electron energy in vacuum as a
reference.The energy levels of the
conduction band edges of TiO2, ZrO2,
and MAPbI3 are at –4.0, –3.4, and
–3.9 eV, respectively, whereas the
valence band edge of the perovskite is
at –5.4 eVand that of the Fermi level of
carbon is at –5.0 eV. (C) The crystal
structure of MAPbI3 perovskite.
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iodide ions, and the c axis becomes the dominant
orientation during crystal growth. Mercier (20)
used 4-ammonium-butyric acid (4-ABA) as a
template for the engineering of (4-ABA)2PbI4
and mixed-cation (4-ABA)2MAPb2I7 perovskite
crystals. TheABAmolecules formed linear hydrogen-
bonded chains that act as supramolecular synthons
for layered plumboiodide perovskite structures.
We propose that the 5-AVA affects the crystal
growth of (5-AVA)x(MA)1-xPbI3 in a similar fash-
ion through the formation of hydrogen bonds
between its COOH and NH3

+ groups and I– ions
from the PbI6 octahedra.
We applied transmission electron micros-

copy (TEM) and scanning electron microscopy
(SEM) to unravel differences in the morphology
of the two perovskites. High-resolution TEM
images (Fig. 3, A to C) reflecting the morphology
of neat TiO2 particles, as well as MAPbI3 or
(5-AVA)x(MA)1-xPbI3–covered TiO2 particles that
were scraped off of mesoporous TiO2 films infil-
trated withMAPbI3 or (5-AVA)x(MA)1-xPbI3, respec-
tively. Substantial differences appeared between
the morphologies of the samples produced from
the two different perovskite precursor solutions.
The observed pattern indicates that there is a
much denser coverage of the TiO2 particles with
(5-AVA)x(MA)1-xPbI3 as compared to MAPbI3.
The (5-AVA)x(MA)1-xPbI3 appears to exhibit crys-
talline features on a much longer length scale
than MAPbI3, covering most of the TiO2 surface
in a uniform fashion. In contrast, the single-step
solution precipitation of MAPbI3 only partially
coated the substrate and left large areas where
the perovskite absorber was completely absent.
The improvement of the perovskite crystal quality
and the higher loading of the mesopores of the
oxide scaffold in the presence of 5-AVA cations
probably resulted from the templating action of
the AVA affecting the perovskite crystal nucle-
ation and growth within the mesoscopic oxide
scaffold. The COOH groups of 5-AVA anchor a
monolayer of the amino acid to the surface of the
mesoporous TiO2 and ZrO2 film by coordina-
tive binding to the exposed Ti(IV) or Zr(IV)
ions. In the adsorbed state, the terminal -NH3

+

groups of 5-AVA face the perovskite solution and
hence serve as nucleation sites. This role we
attribute to AVA is confirmed by recent work
(21) showing that protonated amino acids of the
AVA type indeed template the crystal growth of
plumbohalide perovskites in mesoscopic TiO2

films, improving the crystalline network and
charge-carrier lifetime of the CH3NH3PbI3 inserted
into the porous metal oxides.
We performed photoluminescence (PL) decay

measurements in order to extract quantitative
information on the yield of light-induced charge
separation. Excitons generated by light excitation
ofMAPbI3 dissociate into free charge carrierswith-
in 1 ps (22). We infiltrated mesoporous TiO2 and
ZrO2 films with MAPbI3 or (5-AVA)x(MA)1-xPbI3
and measured the PL decay; ZrO2 serves as a
reference because its conduction band is not
accessible for electron injection. The PL decay
of the MAPbI3 perovskite contained in ZrO2

films exhibits a time constant of te = 8.14 ns,
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Fig. 2. Diffraction
data. XRD patterns of
mesoscopic ZrO2/TiO2

film on FTO glass
infiltrated with
the perovskites
(5-AVA)x(MA)1-xPbI3
(red trace) and MAPbI3
(blue trace), as well as
a blank ZrO2/TiO2 film
(black trace).

Fig. 3. Microscopy images. (A to C) TEM images of (A) TiO2 and mixtures of (B) MAPbI3 and (C)
(5-AVA)x(MA)1-xPbI3, with TiO2 particles scraped off of a mesoporous film infiltrated with perovskites.
(D and E) SEM images of the cross section of (D) MAPbI3– and (E) (5-AVA)x(MA)1-xPbI3–based
perovskite mesoscopic solar cells.
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whereas for the (5-AVA)x(MA)1-xPbI3, te is 23.7 ns
[fig. S1 (23)]. The longer charge-carrier lifetime
observed with (5-AVA)x(MA)1-xPbI3 indicates a
much lower defect concentration. With the TiO2

scaffold, te for MAPbI3 and (5-AVA)x(MA)1-xPbI3
were similar, 1.71 and 1.36 ns, respectively; and
from the branching ratios, led to calculated quan-
tum efficiencies of 94 and 80%, respectively.
Cross-sectionalSEMviewsofthe(5-AVA)x(MA)1-xPbI3–

andMAPbI3–basedmesoscopic solar cells, which
confirm the different extent of pore filling by the
two perovskites are shown in Fig. 3, D and E.
Thus, for (5-AVA)x(MA)1-xPbI3, most of the meso-
pores of theZrO2/TiO2double layer are fully loaded
with the perovskite, whereas for the device with
MAPbI3, the pore filling is less complete, with a
substantial amount of voids remaining within
the mesoporous ZrO2/TiO2 double-layer film.
Optical studies also confirmed the higher perov-
skite loading in the presence of 5-AVA [figs. S2
and S3 (23)].
We measured the photocurrent density as a

function of forward bias voltage (J-V curves) of
the (5-AVA)x(MA)1-xPbI3– and theMAPbI3– based
mesoscopic solar cells under standard reporting
conditions [air mass 1.5 (AM1.5) global solar light
at 100 mW cm−2 and room temperature]. Figure
S4 (23) presents the temporal evolution of the de-
vice performance for (5-AVA)x(MA)1-xPbI3 –based
mesoscopic solar cells during the initial phase of
illumination. The four key photovoltaic param-
eters; i.e., the open-circuit voltage (Voc), short-
circuit photocurrent (Jsc), fill factor (FF), and PCE,
increased to a stable value within the first 3 min
and then exhibited excellent stability during ex-
posure to full AM 1.5 simulated sunlight over
1008 hours. The final PCE increased slightly
during this period, which is more remarkable
given that the test was performed with an un-
sealed device, the perovskite being protected by
the 10-mm-thick carbon layer back contact acting
as a water-retaining layer.
A hysteresis effect often appears during mea-

surement of the J-V curves of perovskite solar
cells. For a mesoscopic triple-layer solar cell with
perovskite (5-AVA)x(MA)1-xPbI3 under standard

1 sun irradiationwith the scanning rate of 3mV s−1,
there was no substantial effect [fig. S5 (23)].
However, a hysteresis effect appeared at higher
scan rates unless the cell was subjected to light
soaking for a few minutes, which eliminated the
hysteresis effects even at scan rates as high as
250 mV s−1. The perovskite systems show mixed
ionic and electronic conduction (24), and under
illumination an electric field is set up, which
causes a slow drift of ions through the perovskite
device to screen the space charge that is gen-
erated by light. Figure 4A presents J-V curves
collected after 3 min of light soaking with sim-
ulated sunlight. In keeping with our previous
work (19), the optimized MAPbI3-based hetero-
junction perovskite solar cell produced a Jsc of
13.9 mA cm−2, a Voc of 855 mV, and a FF of 0.61,
yielding a PCE of 7.2%. The (5-AVA)x(MA)1-xPbI3–
based cells showed greatly improved perform-
ance, with Jsc, Voc, and FF reaching values of
21.1 mA cm−2, 843 mV, and 0.65, respectively,
corresponding to a PCE of 11.6%. We sent one
of our cells to an accredited photovoltaic cali-
bration laboratory for certification, which mea-
sured a Jsc value of 22.8 mA cm−2 [fig. S6 (23)].
TheVoc of the device was 858mV and the FFwas
0.66, corresponding to a PCE of 12.84%. Our cer-
tified photocurrent density is superior to values
reported so far for any perovskite-based photo-
voltaic, for which the highest certified Jsc is
21.3 mA cm−2 (4). Also in Fig. 4A, the slope of the
J-V curve at open circuit voltage is steeper for
(5-AVA)x(MA)1-xPbI3 perovskite than for MAPbI3,
suggesting a lower series resistance and higher
electric conductivity for the former than for the
latter perovskite. This shows the better connec-
tivity of the AVA template perovskite crystals
formed in the porous oxide network.
In the absence of ZrO2, the performance of the

perovskite photovoltaic is poor, with Jsc = 12.51
mA cm−2, Voc = 592 mV, FF = 0.56, and PCE =
4.18% [fig. S7 (23)]. This confirms that ZrO2 is
blocking the flow of photogenerated electrons
to the back contact, preventing recombination
with the holes from the perovskite at the back
contact.

Figure S8 (23) reports statistical data concern-
ing the numerical distribution of the key photo-
voltaic parameters; i.e., Voc, Jsc, FF, and PCE for a
random selection of 20 photovoltaic devices,
which were fully printed on a 10 cm × 10 cm
FTO glass as shown by the photograph in fig. S9
(23). (5-AVA)x(MA)1-xPbI3–based mesoscopic so-
lar cells exhibited an average PCE value of 10.3%,
Jsc of 21.68 mA cm−2, Voc of 740 mV, and FF of
0.64 together with a small standard deviation,
indicating that the (5-AVA)x(MA)1-xPbI3 strongly
augments the reproducibility of the perovskite-
based cells. Figure 4B shows the incident photon-
to-electric current conversion efficiency (IPCE),
defined as the number of photogenerated charge
carriers contributing to the photocurrent per in-
cident photon. These experiments used mono-
chromatic light without applying a white-light
bias. (5-AVA)x(MA)1-xPbI3 achieved much higher
IPCEs than MAPbI3 over the whole spectral
range between 300 and 800 nm, matching the
difference in photocurrents obtained for the two
devices.
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Fig. 4. Device
performance. (A)
J-V curves under
simulated AM 1.5 solar
irradiation at an inten-
sity of 100 mW cm−2

measured at room
temperature. (B) IPCE
curves taken with
monochromatic light
without applied
white-light bias for
(5-AVA)x(MA)1-xPbI3
(red curve) or MAPbI3
(blue curve). The
integrated photocurrents
calculated from the
overlap integral of the IPCE spectra with the AM 1.5 solar emission are also shown. The integrated photocurrent of the (5-AVA)x(MA)(1-x)PbI3–based photovoltaic
is 17.8 mA cm−2, which agrees closely with the photocurrent density of 18.4 mA cm−2 measured at the beginning of testing, which rose to 21.1 mA cm−2 after 3 min
of light soaking.
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Dielectric gradient metasurface
optical elements
Dianmin Lin,1* Pengyu Fan,1* Erez Hasman,2 Mark L. Brongersma1†

Gradient metasurfaces are two-dimensional optical elements capable of manipulating light
by imparting local, space-variant phase changes on an incident electromagnetic wave.
These surfaces have thus far been constructed from nanometallic optical antennas, and
high diffraction efficiencies have been limited to operation in reflection mode.We describe
the experimental realization and operation of dielectric gradient metasurface optical
elements capable of also achieving high efficiencies in transmission mode in the visible
spectrum. Ultrathin gratings, lenses, and axicons have been realized by patterning a
100-nanometer-thick Si layer into a dense arrangement of Si nanobeam antennas. The
use of semiconductors can broaden the general applicability of gradient metasurfaces,
as they offer facile integration with electronics and can be realized by mature
semiconductor fabrication technologies.

T
he field of nanophotonics has started to
facilitate the replacement of bulky optical
components by ultrathin, planar elements
(1–5). Such elements can be realized by nano-
patterning thin films and can benefit from

a more natural integration into electronic and
mechanical systems. They can also provide
entirely new functions that capitalize on the
rapid developments in the field of metamate-
rials (6). The recent realization of metasurfaces,
or metamaterials of reduced dimensionality (7),
is of particular relevance as it is opening up new
opportunities to realize virtually flat optics (8, 9).
Metasurfaces consist of dense arrangements of
resonant optical antennas. The resonant nature
of the light-matter interaction with such struc-
tures affords substantial control over the local
light scattering amplitude and phase. These scat-
tering properties can be manipulated through
choices of the antenna material, size, geometry,
orientation, and environment. By arranging
antennas with distinct scattering properties on
a surface, space-variant metasurfaces are created
that offer tremendous freedom in manipulating
optical wave-fronts. Metasurfaces constructed
from high-index antenna arrays are used as anti-
reflection coatings (10), as well as to enhance
absorption (11), create structural color (12), and

manipulate the state of polarization (13, 14). How-
ever, space-variant metasurfaces for beam steer-
ing and focusing have thus far been constructed
from nanoscale metallic antennas only (7). Ohmic
losses in themetal and the limited scattering cross
sections of the antennas have limited high device
efficiencies to reflectionmode (15, 16).We leverage
recent advances in the realization of high-index
dielectric antennas (12, 17, 18) and Pancharatnam-
Berry phase optical elements (PBOEs) (19, 20) to
realize easy-to-fabricate and highly efficient trans-
missive devices. Si-based gradient metasurfaces
capable of serving as optical gratings, lenses, and
axicons are demonstrated.
Figure 1 shows a dielectric gradient metasur-

face optical element (DGMOE) serving as an axicon.
Whereas conventional glass axicons are a few
millimeters in size (Fig. 1A), the DGMOE features
a 100-nm-thick layer of poly-silicon deposited on
a quartz substrate (Fig. 1B) generated in a single
patterning step (21). Figure 1D shows a scanning
electron microscopy (SEM) image of the fab-
ricated DGMOE composed of thousands of Si
nanobeam antennas.
When illuminated with a collimated Gaussian

left circularly polarized (LCP) light beam at a
550-nm wavelength, the DGMOE creates a non-
diffracting Bessel beam on the transmission (Fig.
1, C and E, and section S2 of the supplementary
materials). The intensity distributions along and
across the center of Bessel beam are shown as
insets to Fig. 1E. The ratio between the high-
intensity central beam spot and the first ring
is 6:1, a signature of a Bessel beam. The operation
of the lens could be analyzed by understanding

all of the coherent far-field and near-field inter-
actions between the Si nanobeamantennas. Here,
we describe the behavior of the optical element
based on an understanding of the Pancharatnam-
Berry (PB) phase.
The PB phase is a geometric phase achieved by

space-variant polarization manipulations (22, 23),
as opposed to a propagation phase. PBOEs are
constructed fromwave plate elements for which
the orientation of the fast axes depends on the
spatial position. Well-defined algorithms exist
for realizing specific optical functions. By tiling
a surface with half-wave plates with their fast-
axes orientations according to a function q(x,y),
an incident circularly polarized light beam will
be fully transformed to a beam of opposite
helicity and imprinted with a geometric phase
equal to ϕg(x,y) = T2q(x,y) (21, 24). By control-
ling the local orientation of the fast axes of the
wave plate elements between 0 and p, phase
pickups can be achieved that cover the full 0-to-
2p range while maintaining equal transmission
amplitude for the entire optical component. This
provides full control over the wavefront. A con-
tinuous desired phase function can be approxi-
mated using discrete wave plate orientations.
We use eight orientations with which a high the-
oretical diffraction efficiency of 95% can be
achieved (25). The realization of wave plate ele-
ments represents a crucial step in crafting PBOEs.
In designing ultrathin nanobeam-based wave

plates, it is important to first understand the
optical resonances of individual semiconductor
nanobeams. Top-illuminated single beams sup-
port resonances under transverse electric (TE)
illumination (with the electric field polarized
normal to the length of the structure) and the
orthogonal transverse magnetic (TM) polariza-
tion (12, 18). The thickness of the resonant
structures can be small compared with the free-
space wavelength due to the high refractive index
of semiconductors. A 120-nm-wide and 100-nm-
high Si nanobeam supports a strong resonance
and a substantial phase retardation in our target
wavelength range of interest. We chose this
beam as the basic building block for our wave
plate (Fig. 2A) in anticipation that its resonant
behavior and the accompanied phase retarda-
tion between the orthogonal polarizations would
persist in the beam array. Finite element
simulations indicate that the wavefront for a
TE-polarized light beam at 550 nm is delayed
by 0.14p as compared with the wavefront in
the absence of the nanobeams. The wavefront
for TM-polarized light is delayed even further
to 1.15p (Fig. 2B). As a result, the phase retar-
dation between the two orthogonal polarizations
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the experimental realization and operation of dielectric gradient metasurface optical
elements capable of also achieving high efficiencies in transmission mode in the visible
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facilitate the replacement of bulky optical
components by ultrathin, planar elements
(1–5). Such elements can be realized by nano-
patterning thin films and can benefit from

a more natural integration into electronic and
mechanical systems. They can also provide
entirely new functions that capitalize on the
rapid developments in the field of metamate-
rials (6). The recent realization of metasurfaces,
or metamaterials of reduced dimensionality (7),
is of particular relevance as it is opening up new
opportunities to realize virtually flat optics (8, 9).
Metasurfaces consist of dense arrangements of
resonant optical antennas. The resonant nature
of the light-matter interaction with such struc-
tures affords substantial control over the local
light scattering amplitude and phase. These scat-
tering properties can be manipulated through
choices of the antenna material, size, geometry,
orientation, and environment. By arranging
antennas with distinct scattering properties on
a surface, space-variant metasurfaces are created
that offer tremendous freedom in manipulating
optical wave-fronts. Metasurfaces constructed
from high-index antenna arrays are used as anti-
reflection coatings (10), as well as to enhance
absorption (11), create structural color (12), and

manipulate the state of polarization (13, 14). How-
ever, space-variant metasurfaces for beam steer-
ing and focusing have thus far been constructed
from nanoscale metallic antennas only (7). Ohmic
losses in themetal and the limited scattering cross
sections of the antennas have limited high device
efficiencies to reflectionmode (15, 16).We leverage
recent advances in the realization of high-index
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capable of serving as optical gratings, lenses, and
axicons are demonstrated.
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Whereas conventional glass axicons are a few
millimeters in size (Fig. 1A), the DGMOE features
a 100-nm-thick layer of poly-silicon deposited on
a quartz substrate (Fig. 1B) generated in a single
patterning step (21). Figure 1D shows a scanning
electron microscopy (SEM) image of the fab-
ricated DGMOE composed of thousands of Si
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actions between the Si nanobeamantennas. Here,
we describe the behavior of the optical element
based on an understanding of the Pancharatnam-
Berry (PB) phase.
The PB phase is a geometric phase achieved by

space-variant polarization manipulations (22, 23),
as opposed to a propagation phase. PBOEs are
constructed fromwave plate elements for which
the orientation of the fast axes depends on the
spatial position. Well-defined algorithms exist
for realizing specific optical functions. By tiling
a surface with half-wave plates with their fast-
axes orientations according to a function q(x,y),
an incident circularly polarized light beam will
be fully transformed to a beam of opposite
helicity and imprinted with a geometric phase
equal to ϕg(x,y) = T2q(x,y) (21, 24). By control-
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pickups can be achieved that cover the full 0-to-
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provides full control over the wavefront. A con-
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ments represents a crucial step in crafting PBOEs.
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tion (12, 18). The thickness of the resonant
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is about p, and the beam array serves as a half-
wave plate.
By sweeping thewavelength from 490 to 700 nm

in simulations, the phase retardation of the wave
plate varies from 0.4p to 1.2p (Fig. 2C). For ref-
erence, the figure also shows the comparatively
small phase retardation of 0.063p for a 100-nm-
thick film of calcite, a naturally birefringent crystal.
The substantial swing in the phase retardation
is attributed to the fact that the nanobeams
support a strong fundamental resonance under
TE illumination (as seen in absorption) and only
a very weak second-order TM resonance (fig.
S5D). The order of the resonance is determined
by the number of field maxima inside the nano-
beam (Fig. 2D, insets). Figure 2C shows that the
array’s TE resonance and associated swing in the
phase retardation can be translated spectrally by
changing the beam width.

To realize ultrathin Si nanobeamwave plates,
we fabricated the periodic Si nanobeam array
described above (Fig. 2C, inset). These samples
were characterized optically through measure-
ments of the four Stokes polarization parameters
(supplementary materials section S4). The mea-
sured phase retardation of this dielectric meta-
surface is shown by the red squares in Fig. 2C and
is in good agreement with optical simulations
(red solid line). The transmission coefficient at
550 nm, where the phase retardation is about p,
is ~0.5. Spectral transmission measurements show
that transmission coefficients as high as 0.75
can be obtained at longer wavelengths (650 to
700 nm) closer to the Si band gap (21).
Themost basic DGMOE is one that serves as a

blazed diffraction grating capable of steering a
light beam into several diffracted orders. The de-
sign follows a general strategy that can be used

to create more complex optical elements. First,
Fourier optics is used to determine the phase
profile that will produce a desired field distri-
bution in the far field. Blazed gratings feature a
simple phase profile with a linear dependence
of the phase on position, which either increases
or decreases by 2p across one grating period.
The desired phase profile is then discretized into
segments that can take on a limited number of
discrete phases. The discretized profile ϕd(x,y)
for a grating with a period L of 3.2 mm is shown
in Fig. 3A. The phase profile is accomplished by
tiling a glass substrate with nanobeam wave
plates with space-variant orientations (Fig. 3B).
To achieve a desired far-field intensity dis-
tribution, it is important to control both the
metasurface properties and the polarization
state of the incident light. For an incident plane
wave jEin〉 with an arbitrary polarization state,
one can show that the output wave jEout〉 will be
composed of three polarization orders (26)

jEout〉 ¼ ffiffiffiffiffi

hE
p jEin〉þ ffiffiffiffiffiffi

hR
p

ei2qðx;yÞjR〉 þ
ffiffiffiffiffi

hL
p

e−i2qðx;yÞjL〉 ð1Þ

Here, jR〉 and jL〉 denote the right- and left-
handed circularly polarized unit vectors, respec-
tively. The quantities hE ¼ j 12 ðtx þ tyeifÞj2, hR ¼
j 12 ðtx − tyeifÞ〈LjEin〉j2, and hL ¼ j 12 ðtx − tyeifÞ
〈RjEin〉j2 provide the magnitude of the coupling
efficiencies to the different polarization orders.
For convenience, we use Dirac bra-ket notation,
where 〈ajb〉 denotes an inner product. The func-
tion q(x,y) describes the spatially variant distri-
bution of the fast axes of the wave plates. Here, tx
and ty are the transmission coefficients for light
polarized parallel and perpendicular to the fast
optical axis, and f is the phase retardation be-
tween these linear polarization states. FromEq. 1 it
is clear that the optical materials and geomet-
rical properties of the beams, their orientation
distribution, and the incident polarization state
control the diffraction properties of the array. The
operation of DGMOEs can also be explained with
simple, intuitive graphics (supplementary mat-
erials sections S7 and S8).
The diffraction patterns of the DGMOE blazed

grating were observed in transmission with the
help of a Bertrand lens (fig. S6). For an incident
right circularly polarized (RCP) beam at a wave-
lengthof 550nm,part of the light changedhanded-
ness to LCP and experienced a phase pickup
equal to –2q(x,y) upon propagation through the
DGMOE. As a result, some light steered to the
left when viewed from the location of the source
(Fig. 3C). A fraction of the light went straight
through and emerged again in the incident RCP
state due to the fact the transmission magnitudes
tx and ty are not perfectly equal (fig. S5). For LCP
light, part of the light steered to the opposite
directionwhile transforming to RCP light. Again,
a fraction of the light went straight through and
did not change its state of polarization. For a
linearly polarized incident beam, which can be
viewed as consisting of equal amounts of RCP
and LCP light, light is steered in both directions.
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Fig. 1. Example of a DGMOE: An axicon constructed from Si nanoantennas. (A) Schematic of a
conventional glass axicon focusing light into a Bessel beam. (B) Schematic of a DGMOE axicon featuring
an ultrathin patterned layer of silicon on a quartz substrate. (C) Transversal distribution of Bessel beam
generated by theDGMOE. (D) SEM image of the fabricatedDGMOE. (E) Measured intensity profile of the
nondiffractive Bessel beam generated behind the DGMOE in the xz plane. The intensity (I) along the
center of Bessel beam is plotted in the inset along the z axis.The inset along the x axis shows the cross-
sectional intensity profile at the z = 0 plane. a.u., arbitrary units.
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Fig. 2. Ultrathin wave plates constructed from Si nanoan-
tennas. (A) Schematic view of a periodic Si nanobeam array.
(B) Phase wavefronts for TE- and TM-polarized, 550-nm-
wavelength light upon transmission through a wave plate with
120-nm-wide Si beams.The incidentwave without the Si beams
is shown for reference. rad, radians. (C) Simulated spectra of
the phase retardation of a TM-polarized wave with respect to a
TE-polarized wave for nanobeam arrays with beam widths of
100 nm (blue), 120 nm (red), 140 nm (green), with the same
thickness of 100 nm and duty cycle of 60%.The dashed black
line shows the phase retardation for a 100-nm-thick calcite film.
Measurements of the phase retardation (red squares) obtained
with an array of 120-nm beams show good agreement with the
simulations. (Inset) SEM image of the fabricated array. (D)
Simulated absorption spectra of the 120-nm-wide nanobeam
array in (C) under TE (green) and TM (blue) illumination. (Insets)
Magnetic field distribution |Hy| for TE and electrical field
distribution |Ey| of TM illumination at a wavelength of 600 nm.

Fig. 3. A DGMOE serving as a blazed grating. (A) Discretized
(solid line) and continuous (dashed line) phase profile of a
DGMOE serving as a blazed grating for illumination with LCP
light (red) and RCP light (green). (B) SEM image of the fabricated
DGMOE. (C) Measured diffraction patterns from the DGMOE
under illumination with right circular polarization (top), linear
polarization (middle), and left circular polarization (bottom) at l =
550 nm. (D) Theoretical (continuous line) and experimental (solid
squares) spectra of diffraction efficiency. (E) Measured diffraction
patterns of the DGMOE blazed grating and associated cross-
sectional intensity distributions versus the normalized in-plane
momentum kx/k under illumination with left circular polarization
at wavelengths of 500, 560, and 690 nm [vertical dashed lines
in (D)].
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The expected polarization states of the trans-
mitted light based on Eq. 1 were successfully
verified by adding a circular polarizer on the
transmission side of the metasurface (supple-
mentary materials section S4 and movie S2).
These observations demonstrate the possibility
to steer light by changing the incident polariza-
tion (movie S1).
DGMOEs can operate over a broadband wave-

length range, and it is thus important to under-
stand their wavelength-dependent properties.
Because the geometric phase depends only on
the orientation function q, the phase profile
experienced by RCP and LCP light will remain
the same at each wavelength. This does not
imply that the diffraction properties stay the
same as well. For example, the steering angle
of the blazed grating a increases for longer
wavelengths, as this quantity is determined by
the ratio of the wavelength and grating period
(sin a = l/L). The diffraction efficiency also
varies across the spectrum, as it is linked to the
wavelength-dependent transmission and phase-
retardation properties of the nanobeam wave
plates. The diffraction efficiency hD is defined by

the ratio of the power of circularly polarized
light that has been converted to the opposite
helicity (i.e., experiencing phase pickup) and the
total transmitted power that is transmitted through
themetasurface. For awell-designedblazedgrating,
the intensity in higher diffraction orders is very
weak. As such, the total power of transmitted
light is approximately equal to the sum power
of the zero-order intrinsic beam and the first-
order converted beam: hD ≈ I1st/(I1st + I0rd). The
diffraction efficiency for the grating shown in
Fig. 3B was determined by measuring the light
intensity of the through beam and the diffracted
beam with a calibrated charge-coupled device
camera (supplementary materials section S6).
Figure 3D shows the experimental diffraction
efficiency spectra for normally incident LCP light
in thewavelength range from490 to 700 nm (red
squares). It also shows theoretical efficiencies
calculated using the expressions for hE and hR
given below Eq. 1. These efficiencies were de-
termined using the measured values of tx, ty,
and f and by taking into account the expected
diffraction efficiency of 95% that is appropriate
for an eight-level phase discretization.

The experimental diffraction patterns at three
different wavelengths are plotted in Fig. 3E. At a
wavelength of 500 nm, 75% of the light is steered,
and the intensity of the zero-order beam (i.e.,
the straight-through beam) is very low com-
pared with that of the first diffracted order.
In contrast, at l = 690 nm only a small por-
tion of light is steered, and most of the energy
remains in the zero-order beam. The pattern
also shows the expected increase in the steer-
ing angle at this longer wavelength. The overall
shape of the measured efficiency spectrum qual-
itatively agrees with the predicted spectrum, but
the measured efficiencies tend to be lower, pos-
sibly attributed to imperfections in the fabri-
cated structure. Alternatively, it may be that the
birefringent nature of the nanobeamwave plates
is size-dependent.
We also realized a DGMOE serving as a con-

ventional lens (Fig. 4A). The phase profile for
this DGMOE lens again features eight discrete
levels and approximates a hyperboloidal phase
profile (supplementary materials section S9).
The lens features a focal length of 100 mm and
a numerical aperture (NA) of 0.43 at a wave-
length of 550 nm. When the DGMOE is uni-
formly illuminated from the substrate side with
RCP light, it concentrates light into a LCP focal
spot (Fig. 4B and see supplementary materials
section S2 for details). The focal spot size mea-
sures 670 nm in full width at half maximum, close
to the diffraction-limited spot size.
The presented design principles are gener-

ally applicable to any high-index semicon-
ductor or insulator and can be applied at any
desired wavelength. The lowest ohmic losses
were achieved near the semiconductor band
edge. The presented ultrathin DGMOEs address
an increased need for low-cost, lightweight, and
compact optical elements that can easily be
integrated into complex systems requiring as-
sembly of optical, electronic, and mechanical
components.
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QUANTUM COMPUTING

Quantum computations on a
topologically encoded qubit
D. Nigg,1*† M. Müller,2*† E. A. Martinez,1 P. Schindler,1‡ M. Hennrich,1 T. Monz,1

M. A. Martin-Delgado,2 R. Blatt1,3

The construction of a quantum computer remains a fundamental scientific and
technological challenge because of the influence of unavoidable noise. Quantum states
and operations can be protected from errors through the use of protocols for quantum
computing with faulty components. We present a quantum error-correcting code in which
one qubit is encoded in entangled states distributed over seven trapped-ion qubits. The
code can detect one bit flip error, one phase flip error, or a combined error of both,
regardless on which of the qubits they occur. We applied sequences of gate operations
on the encoded qubit to explore its computational capabilities. This seven-qubit code
represents a fully functional instance of a topologically encoded qubit, or color code,
and opens a route toward fault-tolerant quantum computing.

A
fully fledged quantum computer can be
used to efficiently solve notoriously difficult
problems, such as factoring large numbers
or simulating the dynamics of many-body
quantum systems (1). Technological prog-

ress has enabled the implementation of small-
scale prototype quantum computing devices on
diverse physical platforms (2). Sophisticated fault-
tolerant quantum computing (FTQC) techniques
have been developed for the systematic correc-
tion of errors that dynamically occur during stor-
age and manipulation of quantum information
(3–5). For quantum error correction, Calderbank-
Shor-Steane (CSS) codes (4, 5) enable indepen-
dent detection and correction of bit and phase
flip errors, as well as combinations thereof. Fur-
thermore, quantum information processing is sub-
stantially facilitated in quantum codes in which
logical operations on encoded qubits are realized
by the bitwise application of the corresponding
operations to the underlying physical qubits (i.e.,
in a transversal way). This property prevents un-
controlled propagation of errors through the
quantum hardware, which in turn is essential to
enter the FTQC regime (1). Ultimately, reliable
quantum memories and arbitrarily long quan-

tum computations are predicted to become fea-
sible for appropriately designed quantum codes,
once all elementary operations are realized in a
fault-tolerant way and with sufficiently low error
rates (6, 7).
To date, topological quantum computing rep-

resents the most promising and realistic ap-
proach towardFTQC. In thismethod, the encoding
of quantum information in global properties of a
many-particle system provides protection against
noise sources that act locally on individual or
small sets of qubits (8). Most prominently, topo-
logical quantum computing offers highly com-
petitive error thresholds as high as 1% per
operation (9–12), which is within reach of cur-
rent experimental capabilities (13–15) and typi-
cally about two orders ofmagnitude larger than in
schemes using concatenated quantum codes (7).
Within topological quantum computing, topo-

logical color codes (16, 17) offer the distinctive
feature that the entire group of Clifford gate op-
erations, allowing for arbitrary 90° and 180° qubit
rotations, can be implemented transversally (1).
This versatile set of operations directly enables
protocols for quantum distillation of entangle-
ment, quantum teleportation, and dense coding
with topological protection (16). Moreover, a uni-
versal gate set, enabling the implementation of
arbitrary quantum algorithms, can be achieved
by complementing the Clifford operations with a
single non-Clifford gate (1). For color codes in
two-dimensional (2D) architectures (16), such an
additional gate can be realized by a technique
known asmagic-state injection (18). Remarkably,

this method is not needed in 3D color codes that
enable implementation of a universal gate set
using exclusively transversal operations (17).
Previous experiments have demonstrated the

correction of a single type of error by the three-
qubit repetition code (19–21), correction of bit
and phase flip errors by the non–CSS-type five-
qubit code in nuclear magnetic resonance sys-
tems (22, 23), as well as elements of topological
error correction in the framework ofmeasurement-
basedquantumcomputation (24).Here,wedemon-
strate a quantum error-correcting seven-qubit
CSS code (5), which is equivalent to the smallest
instance of a 2D topological color code (16). The
application of multiple operations from the en-
tire, transversally implemented set of logical single-
qubit Clifford gates represents the realization
of quantum computations on a fully correctable
encoded qubit.
Two-dimensional color codes are topological

quantum error-correcting codes that are con-
structed on underlying 2D lattices (16) for which
three links meet at each vertex and three dif-
ferent colors are sufficient to assign color to all
polygons (plaquettes) of the lattice, such that no
adjacent plaquettes sharing a link are of the
same color. The smallest fully functional 2D color
code involves seven qubits (Fig. 1A) and consists
of a triangular, planar code structure formed by
three adjoined plaquettes with one physical qubit
placed at each vertex. Color codes are stabilizer
quantum codes (1, 25), which are defined by a set
of commuting, so-called stabilizer operators {Si},
each having eigenvalues +1 or –1. More precisely,
the code space hosting logical or encoded quan-
tum states jy〉L is fixed as the simultaneous
eigenspace of eigenvalue +1 of all stabilizers,
Sijy〉L ¼ þjy〉L. In color codes, there are two
stabilizer operators associated with each pla-
quette, which for the seven-qubit color code
(Fig. 1A) results in the set of four-qubit X and
Z-type operators

Sð1Þx ¼ X 1X2X3X4 Sð1Þz ¼ Z 1Z2Z3Z4

Sð2Þx ¼ X 2X3X 5X6 Sð2Þz ¼ Z2Z3Z5Z6

Sð3Þx ¼ X 3X4X6X 7 Sð3Þz ¼ Z3Z4Z6Z7

ð1Þ

where Xi, Yi, and Zi denote the standard Pauli
matrices acting on the ith physical qubit with
the computational basis states j0〉 and j1〉 (1). The
stabilizers in Eq. 1 impose six independent
constraints on the seven physical qubits and
thus define a two-dimensional code space, which
allows the encoding of one logical qubit. The
logical basis states j0〉L and j1〉L spanning the
code space are entangled seven-qubit states and
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The construction of a quantum computer remains a fundamental scientific and
technological challenge because of the influence of unavoidable noise. Quantum states
and operations can be protected from errors through the use of protocols for quantum
computing with faulty components. We present a quantum error-correcting code in which
one qubit is encoded in entangled states distributed over seven trapped-ion qubits. The
code can detect one bit flip error, one phase flip error, or a combined error of both,
regardless on which of the qubits they occur. We applied sequences of gate operations
on the encoded qubit to explore its computational capabilities. This seven-qubit code
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fully fledged quantum computer can be
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problems, such as factoring large numbers
or simulating the dynamics of many-body
quantum systems (1). Technological prog-

ress has enabled the implementation of small-
scale prototype quantum computing devices on
diverse physical platforms (2). Sophisticated fault-
tolerant quantum computing (FTQC) techniques
have been developed for the systematic correc-
tion of errors that dynamically occur during stor-
age and manipulation of quantum information
(3–5). For quantum error correction, Calderbank-
Shor-Steane (CSS) codes (4, 5) enable indepen-
dent detection and correction of bit and phase
flip errors, as well as combinations thereof. Fur-
thermore, quantum information processing is sub-
stantially facilitated in quantum codes in which
logical operations on encoded qubits are realized
by the bitwise application of the corresponding
operations to the underlying physical qubits (i.e.,
in a transversal way). This property prevents un-
controlled propagation of errors through the
quantum hardware, which in turn is essential to
enter the FTQC regime (1). Ultimately, reliable
quantum memories and arbitrarily long quan-

tum computations are predicted to become fea-
sible for appropriately designed quantum codes,
once all elementary operations are realized in a
fault-tolerant way and with sufficiently low error
rates (6, 7).
To date, topological quantum computing rep-

resents the most promising and realistic ap-
proach towardFTQC. In thismethod, the encoding
of quantum information in global properties of a
many-particle system provides protection against
noise sources that act locally on individual or
small sets of qubits (8). Most prominently, topo-
logical quantum computing offers highly com-
petitive error thresholds as high as 1% per
operation (9–12), which is within reach of cur-
rent experimental capabilities (13–15) and typi-
cally about two orders ofmagnitude larger than in
schemes using concatenated quantum codes (7).
Within topological quantum computing, topo-

logical color codes (16, 17) offer the distinctive
feature that the entire group of Clifford gate op-
erations, allowing for arbitrary 90° and 180° qubit
rotations, can be implemented transversally (1).
This versatile set of operations directly enables
protocols for quantum distillation of entangle-
ment, quantum teleportation, and dense coding
with topological protection (16). Moreover, a uni-
versal gate set, enabling the implementation of
arbitrary quantum algorithms, can be achieved
by complementing the Clifford operations with a
single non-Clifford gate (1). For color codes in
two-dimensional (2D) architectures (16), such an
additional gate can be realized by a technique
known asmagic-state injection (18). Remarkably,

this method is not needed in 3D color codes that
enable implementation of a universal gate set
using exclusively transversal operations (17).
Previous experiments have demonstrated the

correction of a single type of error by the three-
qubit repetition code (19–21), correction of bit
and phase flip errors by the non–CSS-type five-
qubit code in nuclear magnetic resonance sys-
tems (22, 23), as well as elements of topological
error correction in the framework ofmeasurement-
basedquantumcomputation (24).Here,wedemon-
strate a quantum error-correcting seven-qubit
CSS code (5), which is equivalent to the smallest
instance of a 2D topological color code (16). The
application of multiple operations from the en-
tire, transversally implemented set of logical single-
qubit Clifford gates represents the realization
of quantum computations on a fully correctable
encoded qubit.
Two-dimensional color codes are topological

quantum error-correcting codes that are con-
structed on underlying 2D lattices (16) for which
three links meet at each vertex and three dif-
ferent colors are sufficient to assign color to all
polygons (plaquettes) of the lattice, such that no
adjacent plaquettes sharing a link are of the
same color. The smallest fully functional 2D color
code involves seven qubits (Fig. 1A) and consists
of a triangular, planar code structure formed by
three adjoined plaquettes with one physical qubit
placed at each vertex. Color codes are stabilizer
quantum codes (1, 25), which are defined by a set
of commuting, so-called stabilizer operators {Si},
each having eigenvalues +1 or –1. More precisely,
the code space hosting logical or encoded quan-
tum states jy〉L is fixed as the simultaneous
eigenspace of eigenvalue +1 of all stabilizers,
Sijy〉L ¼ þjy〉L. In color codes, there are two
stabilizer operators associated with each pla-
quette, which for the seven-qubit color code
(Fig. 1A) results in the set of four-qubit X and
Z-type operators

Sð1Þx ¼ X 1X2X3X4 Sð1Þz ¼ Z 1Z2Z3Z4

Sð2Þx ¼ X 2X3X 5X6 Sð2Þz ¼ Z2Z3Z5Z6

Sð3Þx ¼ X 3X4X6X 7 Sð3Þz ¼ Z3Z4Z6Z7
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where Xi, Yi, and Zi denote the standard Pauli
matrices acting on the ith physical qubit with
the computational basis states j0〉 and j1〉 (1). The
stabilizers in Eq. 1 impose six independent
constraints on the seven physical qubits and
thus define a two-dimensional code space, which
allows the encoding of one logical qubit. The
logical basis states j0〉L and j1〉L spanning the
code space are entangled seven-qubit states and
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are given as the eigenstates of the logical oper-
ator ZL = Z1Z2Z3Z4Z5Z6Z7, where ZLj0〉L ¼ j0〉L
and ZLj1〉L ¼ −j1〉L (16, 26).
For the physical realization of a topologically

encoded qubit, we store seven 40Ca+ ions in a
linear Paul trap. Each ion hosts a physical qubit,

which is encoded in (meta)stable electronic states
(27). Within our setup (Fig. 1B), we realize a high-
fidelity universal set of quantum operations con-
sistingof single-ionphase shifts, collective rotations,
and a collective entangling gate. Additionally, a
single-ion spectroscopic decoupling technique en-

ables the collective entangling operation to act
only on subsets of qubits (26).
The initial preparation of the logical state j0〉L

(encoding) is realized deterministically by the
quantum circuit shown in Fig. 1C. First, the
seven-ion system is prepared in the product
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Fig. 1. The topologically encoded qubit: its physical
implementation and initialization. (A) One logical
qubit is embedded in seven physical qubits forming a
2D triangular planar code structure of three plaquettes.
The code space is defined via six stabilizer operators Sx

ðiÞ

and Sz
ðiÞ, each acting on a plaquette that involves four

physical qubits. (B) For the physical realization, qubits
are encoded in electronic states of a linear string of ions.
These ion qubits can be manipulated via laser inter-
actions that realize a universal gate set consisting of
single-ion phase shifts, collective operations, and a col-
lective entangling gate, which is complemented by a
single-ion spectroscopic decoupling and recoupling
technique (25). (C) Encoding of the logical qubit is
achieved by coherently mapping the input state j1010101〉
onto the logical state j0〉L, using a quantum circuit that
combines plaquette-wise entangling operations with de-
coupling and recoupling pulses (yellow and white squares,
respectively) (26). Dashed lines denote decoupled or
inactive qubits; solid lines denote recoupled or active
qubits.

Fig. 2. Effect of arbitrary single-qubit errors on
the encoded logical qubit. (A) The initial logical
state j0〉L, prior to the occurrenceof single-qubit errors,
is reflected (i) by the error syndrome, inwhich all sixSx

ðiÞ

and Sz
ðiÞ stabilizers are positive-valued, and (ii) by a

positive (vanishing) expectation value of the logical
operator ZL (XL). (B) A bit flip error (red wiggled
arrow) on qubit 2 (marked in black) affects the blue
and red plaquettes (visualized by gray-shaded
circles) and manifests itself by negative Sz

ð1Þ and
Sz
ð2Þ expectation values and a ZL sign flip. (C) A Z5

phase flip error only affects the blue plaquette
and results in a sign flip of Sx

ð2Þ. (D) A Y3 error—
equivalent to a combined X3 and Z3 error—affects all
three plaquettes and induces a sign change in all six
stabilizers and ZL. Double-error events, such as a Z5
phase flip (Fig. 2C), followed by a Z2 (E) or a Z3 error
(F) result in an incorrect assignment of physical
errors, as the detected stabilizer patterns are in-
distinguishable from single-error syndromes—here,
the ones induced by a Z1 (Fig. 2E) or a Z4 (Fig. 2F)
error (26). In the correction process, this eventually
results in a logical error—here, a ZL phase flip error.
Stabilizer violations can under subsequent errors hop
(white non-wiggled arrow) to an adjacent plaquette,
as in Fig. 2E, where the violation disappears (open
gray circle) from the blue and reappears on the red
plaquette. Alternatively (Fig. 2F), they can disappear
(from the blue plaquette), split up (white branched
arrow), and reappear on two neighboring plaquettes
(red and green). This rich dynamical behavior of
stabilizer violations is a characteristic signature of the
topological order in color codes (16, 26).
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state j1010101〉, which satisfies the required three
〈SðiÞz 〉 ¼ þ1 and 〈ZL〉 ¼ þ1 conditions. In three
subsequent steps, plaquette-wise entangling op-
erations are applied to also satisfy the three
〈SðiÞx 〉 ¼ þ1 constraints. For each step, three of
the seven physical qubits are spectroscopically
decoupled prior to the application of the collec-
tive entangling gate. Subsequently, Greenberger-
Horne-Zeilinger–like entanglement between the
four qubits belonging to one plaquette of the
code is created with a fidelity of 88.8(5)% (where
the value in parentheses is the error in the last
significant digit). The entire encoding sequence
involves three collective entangling gates and
108 local single-qubit rotations (26). The quan-
tum state fidelity of 32.7(8)% of the system in
state j0〉L surpasses the threshold value of
25% (bymore than 9 standard deviations), above
which genuine six-qubit entanglement is wit-
nessed, thereby clearly indicating the mutual
entanglement of all three plaquettes of the
code (26).

Two factors govern the quality of the created
logical state j0〉L (Fig. 2A): (i) its overlap with the
code space, and (ii) its accordance within the
code space with the target encoded state, which
is related to the expectation value of the logical
operator ZL. Residual populations outside the
code space are indicated by deviations of the six
stabilizer expectation values, in our case on av-
erage 0.48(2), from the ideal value of +1. A more
detailed analysis shows thatwithin the code space,
the fidelity between experimental and target state
is as high as 95(2)%, whereas the expectation
value of 〈ZL〉 ¼ 0:38ð3Þ and the overall fidelity
between the experimentally realized and the ideal
state j0〉L are currently limited by the overlapwith
the code space of 34(1)% (26).
It is a hallmark feature of topologically or-

dered states that these cannot be characterized
by local order parameters, but only reveal their
topological quantum order in global system prop-
erties (8, 26). We experimentally confirmed this
intriguing characteristic for the topologically en-

coded seven-qubit system in state j1〉L bymeasur-
ing all subsets of reduced two-qubit density
matrices, which yielded an average Uhlmann
fidelity of 98.3(2)% with the two-qubit completely
mixed state, showing the absence of any single-
and two-qubit correlations. In contrast, the pres-
ence of global quantum order is signaled for the
system size at hand by nonvanishing three-qubit
correlations 〈Z 1Z4Z7〉 ¼ −0:46ð6Þ (26).
We next consider the error correction proper-

ties of the encoded qubit. Single-qubit errors lead
the system out of the logical code space and
manifest themselves as stabilizer eigenstates of
eigenvalue –1 (stabilizer violations) associated
to one or several plaquettes. Using the available
gate set, we coherently induce all single-qubit
errors on the encoded state j0〉L and record the
induced error syndromes provided by the charac-
teristic pattern of six stabilizer expectation values
(26) (see Fig. 2 for a selection). The experimental
data reveal the CSS character of the quantum
code: Starting in j0〉L (Fig. 2A), single-qubit X
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Fig. 3. Single-qubit Clifford gate operations applied on a logical encoded
qubit. Starting from the logical j0〉L state, sequences of logical Clifford
gate operations {XL, HL} in (A) and {HL, KL, XL} in (B) are applied con-
secutively in a transversal way (i.e., bit-wise) to realize all six cardinal states
{j0〉L,j1〉L,j−x〉L,jþx〉L,jþy〉L,j−y〉L} of the logical space of the topologically en-
coded qubit. The dynamics under the applied gate operations is illustrated by

rotations of the Bloch vector (red arrow) on the logical Bloch sphere as well
as by the circuit diagram in the background. Each of the created logical states
is characterized by the measured pattern of Sx

ðiÞ and Sz
ðiÞ stabilizers and the

logical Bloch vector, with the three components given by the expectation values
of the logical operators XL, YL, and ZL. The orientation of the logical Bloch
vector changes as expected under the logical gate operations.
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errors manifest themselves as violations of
Z-type stabilizers only, whereas single-qubit
Z errors manifest themselves as violations of
X-type stabilizers only (Fig. 2, B and C); the effect
of single-qubit Y errors is equivalent to a com-
bined X and Z error and is signaled by the
simultaneous violation of the corresponding
X- and Z-type stabilizers (Fig. 2D). For our ex-
perimental statistical uncertainties, the measured
characteristic error syndromes can be perfectly
assigned to the underlying induced single-qubit
errors (26). Shown in Fig. 2, E and F, are data in
which the code has been exposed to two single-
qubit errors, whose correction exceeds the capa-
bilities of the seven-qubit code (5, 16).
In topological color codes, quantum informa-

tion is processed by logical gate operations acting
directly within the code space (16, 17). The entire
group of logical Clifford gates generated by the
elementary gate operations Z, X, the Hadamard
H, and the phase gate K,

H ¼ 1
ffiffiffi

2
p 1 1

1 −1

� �

K ¼ 1 0
0 i

� �

ð2Þ

aswell as the C-NOT gate for registers containing
several logical qubits, can be realized transversally.
We implement the logical Clifford gates ZL =
Z1Z2Z3Z4Z5Z6Z7, XL = X1X2X3X4X5X6X7, HL =
H1H2H3H4H5H6H7, and KL = K1K2K3K4K5K6K7

by local operations that are realized by a com-
bination of single-ion and collective rotations (26)
(Fig. 1B). After initializing the logical qubit in the
state j0〉L, we prepare all six eigenstates of the
logical operators XL, YL, and ZL, which requires
quantum circuits consisting of up to three elemen-
tary logical Clifford gate operations (Fig. 3, A and
B). The encoded qubit evolves as expected under
the logical gate operations, as indicated by the
characteristic changes in the pattern ofXL,YL, and

ZL, expectation values. This result is corroborated
by quantum state fidelities within the code space
of {95(2), 85(3), 87(2)}% of the experimental logical
statesfj0〉L; j1〉L; jþx 〉L ¼ ðj0〉L þ j1〉LÞ=

ffiffiffi

2
p gwith

the expected ideal states, which indicates a high
performance of the transversal (i.e., bitwise) log-
ical Clifford gate operations (26).
We further explore the computational capa-

bilities of the encoded qubit by executing a lon-
ger encodedquantumcomputation,which consists
of up to 10 logical XL gate operations applied to
the system initially prepared in j−y〉L (Fig. 4A).
Here, the logical qubit flips as expected between
the YL eigenstates, as witnessed by alternating
(vanishing) expectation values of the logical YL
(XL, ZL) operator (Fig. 4B), accompanied by a
moderate decay of the average stabilizer expec-
tation values of only 3.8(5)% per logical gate op-
eration, which is in quantitative agreement with
the fidelities of our single-ion and collective local
operations (26). Because the duration of 10 XL

gates ismore than one order ofmagnitude shorter
than the measured coherence time of encoded
logical states (26), the performance of the encoded
quantum computation of Fig. 4B is currently not
limited by the lifetime of the logical states but is
predominantly determined by imperfections of
the logical Clifford gate operations.
Future objectives aiming at an extension of the

demonstrated quantum information processing
capabilities include the use of one additional
(unprotected) ancillary qubit for the implemen-
tation of a non-Clifford gate, toward universal
encoded quantum computation (1, 18). Further-
more, for higher experimental fidelities, repetitive
application of complete error correction cycles is
achievable (26) by incorporating previously dem-
onstrated measurement and feedback techniques
(28) for quantum nondemolition readout of sta-
bilizers via ancillary qubits; this would represent

progress toward the goal of keeping an encoded
qubit alive. The demonstrated concepts can be
adapted to 2D ion-trap arrays (29) as well as other
scalable architectures including optical, atomic,
molecular, and solid-state systems (2). The contin-
uing technological development of these plat-
forms promises fault-tolerant operating of larger
numbers of error-resistant, topologically protected
qubits, and thereby marks a clear, although tech-
nologically challenging, path toward the realiza-
tion of FTQC.
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Fig. 4. Repetitive application of
logical quantum gate operations.
(A) Preparation of the j−y〉L state
by applying a HL, KL, and XL gate
operation on the qubit initially prepared in the j0〉L state. (B) Subsequently, flips between the logical
jþy〉L and j−y〉L states are induced by consecutively applying logical XL gate operations up to 10 times.
The sign flip of the YL expectation value (red diamonds) after each step clearly signals the induced flips
of the logical Bloch vector, whereas the expectation values of ZL (blue squares) and XL (black circles) are
close to zero, as expected [the average of {〈ZL〉,〈XL〉} yields {0.01(1), –0.01(1)}] (26). Average Sz

ðiÞ sta-
bilizer expectation values after each XL gate are shown as gray bars; average Sx

ðiÞ stabilizer expectation
values after each XL gate are shown as green bars.
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QUANTUM MECHANICS

Two-particle quantum interference in
tunnel-coupled optical tweezers
A. M. Kaufman,1,2 B. J. Lester,1,2 C. M. Reynolds,1,2 M. L. Wall,1,2 M. Foss-Feig,3

K. R. A. Hazzard,1,2 A. M. Rey,1,2 C. A. Regal1,2*

The quantum statistics of atoms is typically observed in the behavior of an ensemble via
macroscopic observables. However, quantum statistics modifies the behavior of even two
particles. Here, we demonstrate near-complete control over all the internal and external
degrees of freedom of two laser-cooled 87Rb atoms trapped in two optical tweezers. This
controllability allows us to observe signatures of indistinguishability via two-particle
interference. Our work establishes laser-cooled atoms in optical tweezers as a promising
route to bottom-up engineering of scalable, low-entropy quantum systems.

Q
uantum interference between possible de-
tection paths for two indistinguishable
particles yields information about quan-
tum statistics and correlations (1, 2). An
example is the Hong-Ou-Mandel (HOM)

effect, which reveals bosonic quantum statistics
through a coalescence effect that causes two in-
distinguishable photons incident on different
ports of a beam splitter to emerge on the same,
yet random, output port (3). The HOM effect has
been observed with photons (3–5) and in an
analogous experiment with electrons (6).
Here, we observe two-particle interference

akin to the HOM effect with independently pre-
pared bosonic atoms in tunnel-coupled optical
tweezers (Fig. 1A). We control the single-atom
quantum state by laser cooling each atom to its
motional ground state and then directly observe
the effects of their quantum indistinguishability.
Whereas the role of quantum statistics in mac-
roscopic ensembles of fermionic and bosonic
atoms can be observedwithHanbury Brown and
Twiss interference experiments (7–13), our sys-
tem allows the study of nonclassical few-atom
states with single-atom control.
Our results depend on the mobility of two

wavelength-scale optical tweezers and single-
site imaging, which are realized using the ap-
paratus illustrated in Fig. 1B (14–16). For laser
cooling 87Rb atoms to the three-dimensional
(3D) ground state (Fig. 1C) (16, 17) and imaging
in position-resolved potentials, our tweezers are
positioned far apart compared to the focused
spot radius of 710 nm. For tunneling, the tweezers
are brought close together such that there is a
small, tunable overlap of the single-particle wave
functions. Our full experimental sequence con-
sists of the following steps: We image the initial
atom positions, laser cool with Raman sideband
cooling, perform tunneling experiments, and
then image the atoms again. Hence, we can fol-

low the quantum dynamics between initial and
final states that are both known with single-site
resolution.
In Fig. 2, A to C, we study the single-atom

tunneling dynamics by only considering experi-
ments that, after stochastic loading (14), yield a
single atom in the left or right well in the first
image (fig. S1). After imaging and cooling, the
atom is in the 3D motional ground state and the
jF ¼ 2;mF ¼ 2〉 ≡ j↑〉 spin state,whereF andmF

are the total angular momentum quantum num-
ber and its projection along a quantization axis,
respectively. The tweezer depths and spacing
(Fig. 2A) are then decreased rapidly (slowly) with
respect to the tunnel coupling (trap frequency)
to prepare an initial state ideally localized in
the left or right well (fig. S2). The tunnel coupling
is given by J ¼ −〈RjHspjL〉ℏ, where jL〉 (jR〉) is the
lowest-energy, localized state in the left (right)
well, and Hsp is the single-particle Hamiltonian
(18). We control the double-well energy bias by
varying the relative intensity of each tweezer.
On the tunneling resonance, an atom prepared
in the left well undergoes the coherent dynamics
jL〉 → cosðJtÞjL〉þ isinðJtÞjR〉 (19–22). After an
evolution time t in the presence of tunneling, the
depth of the traps is rapidly increased to freeze
the atom distribution, the traps are pulled apart,
and the single-atom location is imaged.
Figure 2B demonstrates resonant coherent tun-

neling as measured by recording the likelihood
of observing the atom in the left well (PL) as a
function of time for an atom starting in the left
well (blue) or the right well (red). The tunneling
can be tuned by varying either the tweezer
spacing or the overall potential depth (fig. S3C).
In Fig. 2B, a fit to the data reveals J=2p ¼ 262ð4Þ
Hz; Fig. 2C shows data in which J is increased to
348ð4Þ Hz. One contribution to the subunity os-
cillation contrast is atom loss due to background
collisions; in the duration of our experiments, the
loss probability (Ploss) ranges from 0.03 to 0.05
and is known precisely for each experiment (fig.
S1, table S1, and Fig. 2, B and C, gray regions). We
also observe damping of the tunneling oscillations
and finite initial contrast that is not accounted
for by particle loss (t ≈ 10 ms for J=2p ¼ 262 Hz)
(fig. S3B). These effects are most likely due to

experimental fluctuations of the double-well bias,
and we experimentally find that the contrast and
damping improve with increasing J (18).
We now consider the theoretical expectation

for an equivalent dynamical experiment starting
with two particles, one per well. For perfect cool-
ing and spin preparation of the isolated atoms,
the particles will be indistinguishable—that is, all
degrees of freedom besides their position (left or
right) will have been made the same. We know
there is a particle in the left well and there is a par-
ticle in the right well, but we cannot associate any
additional label to the particles. The bosonic atoms
will then, necessarily, occupy the spatially sym-
metric state jS〉 ≡ 1

ffiffi

2
p ðjL〉1jR〉2 þ jR〉1jL〉2Þ, where

the ket subscript is a particle label. For poor
cooling or spin preparation, the atoms can be
distinguished by a degree of freedom other than
their position; hence, the atoms can antisymme-
trize in the additional degree of freedom and, in
turn, have a projection onto the antisymmetric
spatial state jA〉 ≡ 1

ffiffi

2
p ðjL〉1jR〉2 − jR〉1jL〉2Þ. Thebos-

onic state can then be written as a mixture of the
states jyT〉 ¼ 1

ffiffi

2
p ðjS〉jcþ〉 T jA〉jc−〉Þ, where jcT〉 ¼

1
ffiffi

2
p ðjc〉1jc〉2 T jc〉1jc〉2Þ andfc; cg describetheother
degree of freedom such as motional state fn;n′g
or spin f↑; ↓g. Two atoms in either of the jyT〉
states are distinguishable because the additional
degree of freedom fc; cg is uniquely correlated
with the atoms’ positions: For the jyþ〉 (jy−〉) state,
the atomon the left is in state jc〉 (jc〉) and theatom
on the right is in state jc〉 (jc〉). The ability to mea-
sure indistinguishability arises from the different
dynamics exhibited in the symmetric and antisym-
metric cases. The symmetric spatial state dynam-
ically evolves as jS〉 → jS〉cosð2JtÞ þ i

ffiffi

2
p ðjL〉1jL〉2 þ

jR〉1jR〉2Þsinð2JtÞ. The antisymmetric state jA〉
undergoes destructive interference that prevents
the two atoms from being in the same well, and
hence displays no tunneling dynamics.
In Fig. 2D, we show the ideal dynamics for the

distinguishable (purple), symmetric (black), and
antisymmetric (brown) cases. We consider the
observable P11ðtÞ, which is the likelihood to mea-
sure the atoms in separate wells as a function
of t and is analogous to looking at coincidence
counts on a pair of photon detectors. The sym-
metric jS〉 state yields unity contrast oscillations
of P11ðtÞ, whereas jA〉 yields a time-independent
P11ðtÞ ¼ 1. Hence, the distinguishable states jyT〉
result in a P11ðtÞ that is the average of these dy-
namics and, as such, does not attain a value below
0:5. The tunneling between the wells yields an
effective atom beam splitter where t varies the
reflection and transmission coefficients. Of par-
ticular importance are the times tb ≡ 2p=8J and
odd-integermultiples thereof (green dashed lines).
At t ¼ tb, the tunneling splits each atom equally
between the wells and thereby realizes a balanced
atombeamsplitter according to the transformations
jL〉 → 1

ffiffi

2
p ðjL〉þ ijR〉Þ and jR〉 → 1

ffiffi

2
p ðjR〉þ ijL〉.

Accordingly, for the jS〉 state, P11ðtbÞ vanishes in
analogy to the indistinguishable photons incident
on separate ports of a balanced beam splitter in
the original HOM experiment (3). However, dis-
tinguishable atoms, like distinguishable photons,
will yield P11 ¼ 0:5 when equally beam split.
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In Fig. 2E, we experimentally investigate the
population dynamics observed with two particles.
We plot P11ðtÞ for cases in which the stochastic
loading results in two atoms, one in eachwell (black
squares); these points are taken in the same ex-
perimental sequence as the single-particle data
in Fig. 2B. In our atom detection protocol, we
image scattered light from the twowell-separated
traps onto a charge-coupled device (CCD) array.
During the 25- to 50-ms imaging time, the atoms
are cooled by polarization gradient cooling, during
which light-assisted atomic collisions result in a
signal corresponding to either zero or one atom
(14, 22, 23). P11 is determined by the distinct sig-
nature in which the image indicates one atom in
each well. If the experiment yields two atoms in
onewell, P20 orP02, this ismanifest by final images
that yield zero atoms, or in some cases one atom in
a single well (fig. S1) (18). To accurately interpret
P11, we take into account signal depletion caused
by the single-particle loss described earlier (Ploss).
This effect reduces the maximum value that can
be achieved by the measured P11 to ð1 − PlossÞ2.

In analyzing the results of the two-particle
dynamics, our goal is to compare P11ðtÞ from our
two-particlemeasurement to that of a theoretical
expectation for uncorrelated, distinguishable
atoms, which we refer to as PdistðtÞ. Pdist at any
time can be calculated directly from correspond-
ing single-particle data via Pdist ¼ P1

LP
2
R þ P1

RP
2
L

(purple circles in Fig. 2E) (18). Here, P1ð2Þ
L cor-

responds to measuring an atom in the left well
when an atom starts in the left (right) well, i.e.,
the blue (red) data of Fig. 2B, and P1ð2Þ

R is the
corresponding information formeasuring an atom
in the rightwell. A calculation of Pdist directly from
the single-particle points inherently contains
both loss and finite single-particle contrast.
For example, PdistðtbÞ reaches a minimum value
consistent with ð1 − PlossÞ2=2 ≈ 0:5 − Ploss, and
the amplitude of PdistðtÞ is consistent with the
expectation of one-half the product of the single-
particle contrasts (18). We can compare the am-
plitude of oscillation for the distinguishable
expectation (purple circles) to our two-particle
measurement (black squares).We find that these

values differ by 6s (18): APdist ¼ 0:282ð12Þ and
AP11 ¼ 0:46ð2Þ.
A full treatment of the observed P11ðtÞ must

also consider potential effects of interactions be-
tween the atoms. Inmany experimentswith atoms
in optical lattices, the on-site interaction energy
U is the dominant scale (19, 24); however, we in-
tentionally operate in a regimewhereU is smaller
than J . For the data shown in Fig. 2E, U ¼
0:44ð4ÞJ (18). In Fig. 2F, we demonstrate two-
particle oscillations for experimental conditions
of an even smaller relative interaction U ¼
0:22ð2ÞJ , withmeasurementsAP11 ¼ 0:48ð2Þ and
APdist ¼ 0:306ð18Þ. The similarity of these results
to those in Fig. 2E suggests that interactions are
not a relevant scale in either experiment. A care-
ful theoretical analysis also demonstrates that
existing interactions between distinguishable atoms
could not mimic the observed signal of two-particle
interference (18) (figs. S5 and S6).
We now study the behavior at the balanced

tunneling point tb, where, in analogy to HOM
experiments, the two-particle interference is most
readily observed. Using multiple experimental
knobs, we can vary the indistinguishability of the
atoms and observe a variation in P11ðtbÞ ¼ Pb.
We start by studying the dependence of Pb on the
relative spin state of the two atoms using two
distinct methods. In the first method, after cool-
ing the atoms, we apply a variable-length micro-
wave pulse that couples the j↑〉 and j↓〉 spin states
in only the right well (fig. S4). This is accom-
plished by shifting the transition in the left well
out of resonance using a circularly polarized,
tightly focused laser spot (18). Upon p rotation of
the right spin, the atoms become distinguishable,
and we expect the two-particle interference dip
of P11 below Pdist to disappear. The observed de-
pendence on the microwave pulse area is shown
in Fig. 3A; for comparison, we show that Pdist

(purple circles), calculated from the single-particle
measurements, remains constant and near
ð1 − PlossÞ2=2. We study multiple spin rota-
tions to show that the interference is recovered
after a 2p rotation. We find that the frequency of
oscillation is 32:6ð6ÞkHz, which is in agreement
with the measured microwave Rabi frequency of
32:05ð18ÞkHz. The displayed fit to the data deter-
mines Pmin

b ¼ 0:314ð14Þ, and the amplitude of the
variation in Pb is 0:15ð2Þ. Taking into account the
spin rotation fidelity, we expect an amplitude of
0:84ðð1−PlossÞ2=2 − Pmin

b Þ ¼ 0:130ð13Þ (18),which
is consistent with themeasured value. The agree-
ment further substantiates the irrelevance of
interactions, which are nearly constant as the
two-particle spin state is varied (25), and hence
not responsible for the observed variation in Pb.
In the second spin study, we couple the j↑〉 and

j↓〉 spin states of atoms in both wells using a pair
of Raman beams. This global rotation avoids any
systematic effects that might be introduced by
single-site addressing. During the time (25 ms)
between the Raman pulse and the tunneling, the
atoms lose their spin coherence, and hence the
spin state of each atom is in an incoherent mix-
ture. Ideally, odd-integermultiples of a p=2-pulse
yield an equal mixture of all possible two-atom
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Fig. 1. Quantum interference of two particles. (A) The initial two-particle state is a ground state spin-
up atom in each optical tweezer, denoted by jS〉 ≡ 1

ffiffi

2
p ðjL〉1jR〉2 þ jR〉1jL〉2Þ, where the ket subscript is a

particle label, and the single-particle states jL〉 (jR〉) correspond to an atom localized in the left (right) well.
For a tunneling time that realizes a balanced atom beam splitter, destructive interference yields the state
i
ffiffi

2
p ðjL〉1jL〉2 þ jR〉1jR〉2Þ. (B) Experimental setup. The apparatus for realizing tunneling between optical
tweezers uses high numerical aperture optics combinedwith control of the tweezers’ positions and depths
with acousto-optic modulators (AOMs). The same objective that creates the focused tweezer potentials
also collects 780 nm fluorescence from the optically trapped atoms. (C) The sideband cooling is
accomplished with lasers driving coherent (green) and spontaneous (blue) Raman transitions that couple
to the atomic motion and spin states jF ¼ 1;mF ¼ 1〉 ≡ j↓〉 and jF ¼ 2;mF ¼ 2〉 ≡ j↑〉.
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spin states, and hence the two-particle interfer-
ence dip should be reduced by 1=2. As a function
of Raman pulse area (Fig. 3B), the frequency of
oscillation is 65:5T1:2 kHz, which, as expected, is
twice the measured Raman Rabi frequency of
32:3ð3Þ kHz. The displayed fit to the data deter-
minesPmin

b ¼ 0:296ð10Þ, and the amplitude of the
variation in Pb is 0:085ð15Þ. Taking into account
the relative spin rotation fidelity of 0:90ð3Þ, we
expect an amplitude of ð0:902=2Þ½ð1 − PlossÞ2=2 −
Pmin
b � ¼ 0:069ð6Þ, which is consistent with the

measured amplitude.
Last, we study the dependence of Pb on the

motional state of the atoms in Fig. 3C. During the
last stage of cooling, we vary the frequency dCool
of one Raman beam that controls the cooling
along the weak axis (z) of both tweezer wells.
For a separable potential,motional excitation along
this axis would leave the single-particle tunnel-
ing unaffected. For our nonseparable tweezer
potential, we expect and observe some variation in
the tunneling (18), but near tb the single-particle
tunneling still results in a relatively constant Pdist

(purple circles), which is consistent with the distin-
guishable expectation ð1 − PlossÞ2=2 ¼ 0:4660ð14Þ.
For the two-particle measurements, at the pri-
mary sideband cooling resonance (dCool ¼ 0), we
observe a dip to Pmin

b ¼ 0:28ð2Þ, which is a value
below the distinguishable expectation.
In all of ourmeasurements, the value of Pmin

b is
observed to be finite, and it is useful to consider the
origin of imperfections that could lead to the ob-
served value. If residual atom temperature along
the weak z axis were the only contributing factor,
the central value of our single-atom ground-state
fraction [measured by sideband spectroscopy to

be 85% (16, 18)] would correspond toPmin
b ¼ 0:12.

Hence, it is likely that the finite Pmin
b is further

enlarged by technical fluctuations similar to those
that lead to our finite single-particle contrast.

We have demonstrated an experimental system
with which we achieve quantum control over the
motion, position, and spin of single neutral atoms.
Through a two-particle interference experiment,
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Fig. 2. Single- and two-particle tunneling. (A) While the tweezers are
23ð1Þ MHz deep, the atom is imaged, cooled and optically pumped to j↑〉. For
tunneling experiments, the tweezers are swept together such that the two
Gaussian functions (double-well minima) are centered ≈800 nm (≈600 nm)
apart, and the total trap intensity is decreased to a single-well depth of either
96 kHz or 60 kHz. (B) Resonant tunneling oscillations at 2J for an 808-nm
Gaussian function spacing and a 96-kHz depth. Blue circles (red triangles)
are the expectation value PL

1ð2Þ for finding an atom in the left well given an
initial single atom in the left (right) well. The gray shaded region indicates
atom loss Ploss. (C) Same as B except with an 805-nm Gaussian function
spacing and a depth of 60 kHz. (D) Ideal P11ðtÞ for two-particle tunneling

dynamics initiated at t ¼ 0 and in the symmetric state jS〉, the distinguish-
able states jyT〉, and the antisymmetric state jA〉. The dashed green lines
correspond to tb. (E) Measured two-particle dynamics during the same experimen-
tal sequence as in (B). Likelihood tomeasure exactly one atom in eachwell (P11) for
the initial conditionofanatomprepared ineachwell (blacksquares).Distinguishable
expectation Pdist calculated from the single-particle data in (B) (purple circles).The
gray shaded region above the dashed black line indicates the expected reduction
fromatom loss. (F) Sameas (E) exceptwith a larger value of J=U using the double-
well parameters of (C). In all plots, the shaded regions are the 95% confidence
interval forasinusoidal fit.Theerrorbarsare thestandarderror in themeasurement;
each black (red or blue) data point is themeanof≈140 (100) atommeasurements.

Fig. 3. Controlling two-particle distinguishability.
In all plots, the black squares are P11ðtbÞ = Pb, the
purple circles are the expectation for distinguish-
able particles calculated directly from the single-
atom tunneling [PdistðtbÞ], and the dashed black
line marks ð1 − PlossÞ2=2. (A) Before tunneling, we
apply a microwave drive that couples j↑〉 and j↓〉
for one of the atoms in a two-particle experiment.
In the trap where J=2π ¼ 348 Hz, the tunneling
time is fixed at t ¼ 0:99 ms (second realization of
tb). (B) Before tunneling, we apply a global co-
herent drive of varied pulse area to couple j↑〉 and
j↓〉 and then allow for decoherence. In the trap where J=2π ¼ 262 Hz, the tunneling time is fixed at
t ¼ 0:45 ms. In (A)and (B), thesolid lineandshadedbandaresinusoidal fits and theassociated95%confidence
interval. (C) We vary the detuning (dCool) of the cooling beams of motion along the z axis. In the trap where
J=2π ¼ 262 Hz, the tunneling time is fixed at t ¼ 0:45 ms. The two shaded regions correspond to frequency
rangesof efficient (1st sideband) and lessefficient (2ndsideband) cooling. Forall plots, eachblackdatapoint is the
averageof≈360measurements, andeachset ofmeasurements corresponding toapurple point is theaverageof
≈240 measurements. All error bars are the standard error in the measurement.
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we have shown that it is possible to create a low-
entropy bosonic state by individually placing
atoms in their motional ground state with laser
cooling (26–28). Our results lay a foundation for
linear quantum computingwith atoms (29), inter-
ferometric highly sensitive force detection (30),
control of neutral atoms in nanoscale optical de-
vices (31, 32), and quantum simulation with laser-
cooled atoms in scalable optical tweezer arrays.
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OPTICAL METROLOGY

Electro-optical frequency division
and stable microwave synthesis
Jiang Li,1* Xu Yi,1* Hansuek Lee,1 Scott A. Diddams,2 Kerry J. Vahala1†

Optical frequency division by using frequency combs has revolutionized time keeping
and the generation of stable microwave signals. We demonstrate optical frequency division
and microwave generation by using a tunable electrical oscillator to create dual combs
through phase modulation of two optical signals that have a stable difference frequency.
Phase-locked control of the electrical oscillator by means of optical frequency division
produces stable microwaves. Our approach transposes the oscillator and frequency reference
of a conventional microwave frequency synthesizer. In this way, the oscillator experiences
large phase noise reduction relative to the frequency reference. The electro-optical approach
additionally relaxes the need for highly linear photodetection of the comb mode spacing.
As well as simplicity, the technique is also tunable and scalable to higher division ratios.

T
he photomixing of two highly coherent
laser signals is a well-known approach to
generate a stable radio frequency (RF) or
microwave signal (1, 2). Recently, however,
a different approach to all-optical signal

generation has been demonstrated that may
revolutionize applications that require high-
stability microwaves. Rather than photomixing
stabilized laser signals to directly produce a mi-
crowave signal, the approach uses an octave-
spanning, self-referenced frequency comb to
divide a stable optical reference frequency down
to microwave or RF rates (3). Frequency dividers
are widely used in electronics to generate new fre-
quencies from a single base oscillator or to coher-
ently link different frequency bands. As an ancillary
benefit, all frequency dividers reduce the phase
noise spectral density of the output signal relative
to the input by the square of the division ratio.
The new optical frequency dividers perform divi-
sion by a factor of ∼50,000 (the ratio of optical to
microwave frequencies), so that phase-noise reduc-
tion is greater than 109. Moreover, reference-cavity
stabilized lasers exhibit a superior, fractional fre-
quency stability in comparison with electrical
oscillators (4, 5). Optical dividers applied to such
signals thereby generate microwave signals with
an exceedingly low phase noise level (3).
We present a way to generate high-performance

microwave signals through optical frequency di-
vision (OFD) by using a cascade of direct phase
modulation and self-phase modulation to create
an optical comb (6–9). Because the spectral line
spacing is set by the electrical oscillator used to
drive the phase modulators (as opposed to an
optical resonator), the method of microwave syn-
thesis has similarities to conventional micro-
wave synthesizers while also leveraging the power
of OFD so as to reduce phase noise.
In our approach, two laser lines having good

relative frequency stability provide an optical re-

ference for the microwave source (Fig. 1A). These
laser lines are produced by Brillouin oscillation
in a single high-quality-factor (Q)microcavity. How-
ever, the lines could also result from any stable
optical references, including various types of
dual-mode lasers (10–15), two lasers locked to
distinct optical modes of a reference cavity (16),
or lasers stabilized to atomic transitions (17). The
laser lines enter the frequency divider portion
of the signal generator, where they are phase-
modulated by a pair ofmodulators at a frequency
set by a voltage-controlled electrical oscillator
(VCO). The sideband spectrum created by the
phase modulators is further broadened through
pulse-forming and self-phase modulation in an
optical fiber (8, 18, 19). The comb of lines extend-
ing from each laser line results in a pair of side-
bands near the midpoint of the frequency span.
These are optically filtered and detected. The de-
tected beat-note signal contains the phase noise
of the VCO, but magnified by the optical division
factor. It therefore provides a suitable error sig-
nal for phase-lock loop control of the VCO.
We contrast this microwave source that is

based on electro-optical frequency division (EOFD)
with a conventional microwave source that is
based on electrical frequency division of a VCO
(20). In the conventional approach (Fig. 1B),
the VCO provides the highest frequency in the
system. It is stabilized through electrical frequen-
cy division and phase comparison with a lower-
frequency reference oscillator, such as a quartz
oscillator. A consequence is that the stabilized
VCO has a phase noise level that is always higher
than the reference oscillator phase noise by the
square of their frequency ratio (the frequency
division ratio). In contrast, our optical version
reverses the positions of the reference and the
VCO in the frequency domain. Specifically, the
reference is provided by the frequency difference
of the laser lines, and this frequency difference
is mademuch greater than the frequency of the
VCO (in the present implementation, this is a
nondetectable rate set at ~150 times the VCO
frequency). Moreover, this reference frequency
is divided down to the VCO frequency, as op-
posed to dividing the VCO frequency down to
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we have shown that it is possible to create a low-
entropy bosonic state by individually placing
atoms in their motional ground state with laser
cooling (26–28). Our results lay a foundation for
linear quantum computingwith atoms (29), inter-
ferometric highly sensitive force detection (30),
control of neutral atoms in nanoscale optical de-
vices (31, 32), and quantum simulation with laser-
cooled atoms in scalable optical tweezer arrays.
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Electro-optical frequency division
and stable microwave synthesis
Jiang Li,1* Xu Yi,1* Hansuek Lee,1 Scott A. Diddams,2 Kerry J. Vahala1†

Optical frequency division by using frequency combs has revolutionized time keeping
and the generation of stable microwave signals. We demonstrate optical frequency division
and microwave generation by using a tunable electrical oscillator to create dual combs
through phase modulation of two optical signals that have a stable difference frequency.
Phase-locked control of the electrical oscillator by means of optical frequency division
produces stable microwaves. Our approach transposes the oscillator and frequency reference
of a conventional microwave frequency synthesizer. In this way, the oscillator experiences
large phase noise reduction relative to the frequency reference. The electro-optical approach
additionally relaxes the need for highly linear photodetection of the comb mode spacing.
As well as simplicity, the technique is also tunable and scalable to higher division ratios.

T
he photomixing of two highly coherent
laser signals is a well-known approach to
generate a stable radio frequency (RF) or
microwave signal (1, 2). Recently, however,
a different approach to all-optical signal

generation has been demonstrated that may
revolutionize applications that require high-
stability microwaves. Rather than photomixing
stabilized laser signals to directly produce a mi-
crowave signal, the approach uses an octave-
spanning, self-referenced frequency comb to
divide a stable optical reference frequency down
to microwave or RF rates (3). Frequency dividers
are widely used in electronics to generate new fre-
quencies from a single base oscillator or to coher-
ently link different frequency bands. As an ancillary
benefit, all frequency dividers reduce the phase
noise spectral density of the output signal relative
to the input by the square of the division ratio.
The new optical frequency dividers perform divi-
sion by a factor of ∼50,000 (the ratio of optical to
microwave frequencies), so that phase-noise reduc-
tion is greater than 109. Moreover, reference-cavity
stabilized lasers exhibit a superior, fractional fre-
quency stability in comparison with electrical
oscillators (4, 5). Optical dividers applied to such
signals thereby generate microwave signals with
an exceedingly low phase noise level (3).
We present a way to generate high-performance

microwave signals through optical frequency di-
vision (OFD) by using a cascade of direct phase
modulation and self-phase modulation to create
an optical comb (6–9). Because the spectral line
spacing is set by the electrical oscillator used to
drive the phase modulators (as opposed to an
optical resonator), the method of microwave syn-
thesis has similarities to conventional micro-
wave synthesizers while also leveraging the power
of OFD so as to reduce phase noise.
In our approach, two laser lines having good

relative frequency stability provide an optical re-

ference for the microwave source (Fig. 1A). These
laser lines are produced by Brillouin oscillation
in a single high-quality-factor (Q)microcavity. How-
ever, the lines could also result from any stable
optical references, including various types of
dual-mode lasers (10–15), two lasers locked to
distinct optical modes of a reference cavity (16),
or lasers stabilized to atomic transitions (17). The
laser lines enter the frequency divider portion
of the signal generator, where they are phase-
modulated by a pair ofmodulators at a frequency
set by a voltage-controlled electrical oscillator
(VCO). The sideband spectrum created by the
phase modulators is further broadened through
pulse-forming and self-phase modulation in an
optical fiber (8, 18, 19). The comb of lines extend-
ing from each laser line results in a pair of side-
bands near the midpoint of the frequency span.
These are optically filtered and detected. The de-
tected beat-note signal contains the phase noise
of the VCO, but magnified by the optical division
factor. It therefore provides a suitable error sig-
nal for phase-lock loop control of the VCO.
We contrast this microwave source that is

based on electro-optical frequency division (EOFD)
with a conventional microwave source that is
based on electrical frequency division of a VCO
(20). In the conventional approach (Fig. 1B),
the VCO provides the highest frequency in the
system. It is stabilized through electrical frequen-
cy division and phase comparison with a lower-
frequency reference oscillator, such as a quartz
oscillator. A consequence is that the stabilized
VCO has a phase noise level that is always higher
than the reference oscillator phase noise by the
square of their frequency ratio (the frequency
division ratio). In contrast, our optical version
reverses the positions of the reference and the
VCO in the frequency domain. Specifically, the
reference is provided by the frequency difference
of the laser lines, and this frequency difference
is mademuch greater than the frequency of the
VCO (in the present implementation, this is a
nondetectable rate set at ~150 times the VCO
frequency). Moreover, this reference frequency
is divided down to the VCO frequency, as op-
posed to dividing the VCO frequency down to
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the reference frequency rate. By making this re-
versal, the present device benefits from the sta-
bility of optical oscillators and the power of OFD
to quadratically reduce the phase noise of opti-
cal oscillators by the division factor. Also, because
the divider derives its rate from the electrical
VCO, it is continuously tunable. In particular, the
frequency output is set by the tuning range of
the electrical VCO and the frequency separation
of the reference laser lines and is not fixed by a
cavity repetition rate. Additionally, by obtaining
the output of the electro-optical frequency di-
vider directly from the VCO, this approach greatly
relaxes the linearity constraints of high-bandwidth
photodetection that have posed challenges for
OFD based on mode-locked lasers (21, 22).
The use of a frequency difference as opposed

to an absolute frequency to derive a reference
for microwave generation has been demonstra-
ted by usingmode-locked laser frequency combs.
In that case, the mode-locked frequency comb
optical divider is implemented by locking a comb
at two frequencies of a reference cavity (16). This
two-point lock approach has also been imple-
mented by using two atomic lines and a frequen-
cy microcomb (17). Cascaded phase modulation,
other than being applied for pulse generation
(6–9), also has beenused to stabilize the frequency
difference (in the millimeter wave domain) of a
dual-frequency laser (23) and to create continu-

ously tunablemicrowave signals through sideband-
injection locking (24).
To understand phase noise reduction in this

divider, one should consider the accumulated
phase noise contributions in the side bands as
being tracked from the laser sources to the phase
difference of the detected sidebands (Fig. 1C).
By adjusting the VCO phase to nullify the phase
difference, Dϕ, the VCO fluctuations are reduced
to 〈ϕ2

M〉 ¼ 〈ðϕ1 − ϕ2Þ2〉=ðN1 þ N2Þ2, where ϕ1;2

andϕM are the phase fluctuations of the laser field
phases and the electrical VCO. Also,N1 andN2 are
the number of sidebands produced bymodulation
(sidebands are higher in frequency for laser 1 and
lower in frequency for laser 2). As a result, within
the servo control bandwidth, the phase noise of
the VCO is given by the relative phase noise of the
two laser fields reduced by the division factor
squared, (N1 +N2)

2. Clearly, to reduce phase noise
of the electrical VCO, the laser frequency separa-
tion should be made as large as possible. In the
present system, this value is set by the span of the
dual-pumpedBrillouin lasers. It is the relative phase
noise of the laser sources that determines the phase
noise reference level (before OFD). Because these
lasers are co-lasingwithin the same resonator, the
common-mode laser noise (such as pump noise,
microphonics, or cavity noise) is largely suppressed,
leaving primarily fundamental sources of laser
noise, such as Schawlow-Townes noise.

In the experimental setup (Fig. 2), the refer-
ence laser signals are provided by Brillouin-laser
lines co-lasing within a single silica-on-silicon
high-Q disk resonator. The coherence properties
of the individual Brillouin laser lines is excellent
(25, 26). The silica disk resonators are designed
and fabricated with a free spectral range (FSR)
of 10.890 GHz that matches the Brillouin shift
frequency in silica near 1550 nm. We used a fre-
quencymodulation technique tomeasure the FSR
(27). In prior work, a single pump configuration
was used to demonstrate microwave synthesis up
to K-band (22 GHz) rates by the photomixing of
cascaded Brillouin laser lines (28). Here, the
Brillouin linesmust be separated by amuch larger
frequency, and a dual pump configuration is used.
Each pump laser is locked to the disk resonator
by using the Pound-Drever-Hall (PDH) technique
(29) and excites its own Brillouin laser in the
backward-propagating direction. In the experiment,
the stimulated Brillouin scattering (SBS) lines are
separated by as much as 1.61 THz by dual pump-
ing on cavity modes separated by 148 FSR. The
maximum separation of 1.61 THz is currently set
by the tuning range of thepump lasers. The optical
spectra of the dual SBS lines at several frequency
differences appears in Fig. 3A. Besides inherent
stability from co-lasing within the same cavity,
the two SBS laser signals share the same fiber op-
tical path, suppressing path-length variation effects.
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Fig. 1. Conceptual schematics
of stable microwave synthesis
by use of EOFD. (A) Two optical
reference laser lines are provided
by one of several possible
methods, including dual-mode
laser action, frequency-locking
two lasers to distinct optical
modes of a reference cavity, or
lasers stabilized to atomic
transitions. These laser lines
are phase-modulated so as to
produce sidebands, two of which
nearly overlap at the spectral
midpoint of the laser lines. The
drive frequency is provided by
the electrical VCO that is to be
stabilized. Optical filtering and
detection of the nearly overlapping
sidebands gives a beat note that
is used to phase-lock the VCO and
lower its phase noise. EOM is the
electro-optical modulator, OBPF is
the optical band-pass filter, and
PD is the photodetector. (B)
Comparison of conventional,
electrical, phase-locked loop
control of a VCO with the present
method. The conventional
method divides the VCO for phase
comparison with the low-frequency
reference, whereas the present
method divides the frequency sep-
aration of two lasers so as to
stabilize the electrical VCO. (C) Analysis of the relative phase of the inner side bands in the optical spectrum. ϕ1,2 and ϕM are the phase fluctuations of the laser
field phases and the electrical VCO, respectively.
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The laser signals are coupled to the optical
divider section by use of a circulator. In order
to increase the comb bandwidth and so also
the division factor, two phase modulators with
lowVp ∼ 3.9V (at 12GHz) are cascaded andphase-
synchronized with a RF phase shifter. The phase
modulators were driven at 32.5 and 30.7 dBm,
corresponding to a total phase-modulation
amplitude up to 6p {≈ p[(Vdrive)/(Vp)]}, which
is also approximately equal to half of the number
of sidebands produced by the modulators (30). In
the experiment, up to 30 electro-optic modulator
(EOM) sidebands can be created by using the
phase modulators alone, enabling optical divi-
sion by around a factor of 30. An optical spec-
trum showing both the original SBS laser lines
(18 FSR frequency separation) and the result-
ing phase modulation sidebands is shown in
Fig. 3B. To further enhance the sideband spec-
tral width, nonlinear spectral broadening was
performed by introducing an intensity modula-
tor, dispersion compensation, erbium-doped fiber
amplifier (EDFA), and nonlinear fiber (8, 18, 19).
The inner sidebands are optically filtered, and
their beat note is detected on an amplified

photodetector. The beat note frequency was set
near 10MHzandphase-comparedwith a 10-MHz
oven-controlled crystal oscillator (OCXO) in or-
der to generate the error signal used for phase-
locking the VCO. The phase noise of the OCXO is
very low (compared with the optical frequency
reference) and is further divided down in the
control loop (supplementary materials). As such,
it does not introduce any limitation on the final
VCO phase noise. The residual phase noise levels
of the amplifier used here [MicroSemi (Aliso Viejo,
CA)model L0612-35-T977] arewell below the phase
noise levels attained through loop control of the
VCO and therefore do not present any limitation to
the measurement. The sum of the free-running
VCO phase noise and the residual phase noise
of the RF power amplifier is suppressed by the
servo loop (supplementary materials). As a re-
sult, by taking the electrical output signal at the
output of the amplifier, there is no phase noise
limitation set by the RF power amplifier.
The phase noise reference level is set by the rel-

ative phase noise of the co-lasing Brillouin laser
lines. This phase noise level is expected to be rela-
tively insensitive to the frequencydifference (26, 28).

Therefore, this noise levelwasmeasured by pump-
ing the two lasers on modes that were three
cavity FSR apart, enabling direct detection of the
beat signal at 32.7 GHz by a fast photodetector.
We then analyzed this detected signal using a
phase noise analyzer in order to obtain the single
sideband (SSB) phase noise spectrum (Fig. 3C, red
curve). For offset frequencies higher than 100Hz,
this spectrum is limited by Schawlow-Townes noise,
whereas at offset frequencies less than 100 Hz, a
technical noise component is present (28). The
white phase noise floor above 1 MHz offset is due
to the thermal noise of the fast photodetector.
Wemeasured the SSBphase noise spectrumusing
a commercial phase noise tester [Rohde Schwartz
(Munich, Germany) model FSUP26; sensitivity
limit given as the light blue squares in Fig. 3C]
based on the phase detector method, with dual-
channel cross-correlations so as to further improve
the phase noise sensitivity.
To test the optical divider, we locked the VCO

to the divided optical reference using the VCO
control/tuning port (Fig. 2). The blue and green
curves in Fig. 3C are the corresponding phase
noise spectra of the VCO at 10.89 GHz when
optically dividing by 30 and 148 times relative to
the initial frequency separation of the dual SBS
lines at 327 GHz and 1.61 THz, respectively. The
microwave carrier frequency is held at 10.89 GHz
in thesemeasurements by adjusting the frequen-
cy separation of the Brillouin laser lines with the
tunable pump lasers. Decrease of the phase noise
with the increase of the division ratio is clear in
the data. For division by 148×, the achieved phase
noise level is –104 dBc/Hz at 1 kHz and –121 dBc/
Hz at 10 kHz. For comparison, the dashed black
curve in Fig. 3C gives the phase noise of the free-
running VCO. The servo-locking bandwidth can
be seen from the servo bumps in the phase noise
spectra, which are located at 820kHz for the blue
curve (adopting path I in Fig. 2) and 300 kHz for
the green curve (adopting path II in Fig. 2). As an
aside, the locking bandwidth is determined by the
loop delay, which includes both optical and elec-
trical path lengths (∼20m for path I and ∼50m for
path II) and the FM response of the VCO. For fre-
quencies beyond the servo control bandwidth, the
phase noise level is set by the free-running VCO.
In the measured RF power spectra of the VCO

at 10.89 GHz (20 kHz span and 30 Hz resolution
bandwidth) (Fig. 3D), the black curve is the free-
running VCO spectrum, and the red, blue, and
green curves are the spectra of the phase-locked
VCO when dividing down 18, 30, and 148 times,
respectively, from corresponding SBS frequency
separations of 196 GHz, 327 GHz, and 1.61 THz.
These results are summarized in Fig. 3E by giving
the measured phase noise at 1 kHz, 10 kHz, and
100 kHz offset frequencies plotted versus divi-
sion ratios of 1, 3, 4, 10, 18, 30, and 148. The dashed
lines give 1/N2 trend lines. For comparison, the
phase noise of an Agilent (Santa Clara, CA) MXG
microwave synthesizer (carrier 11 GHz, offset
100 kHz, Agilent online data sheet, Literature num-
ber 5989-7572EN) and ahigh-performanceAgilent
PSG microwave synthesizer (carrier 11 GHz, offset
100 kHz, Agilent online data sheet, Literature

SCIENCE sciencemag.org 18 JULY 2014 • VOL 345 ISSUE 6194 311

Fig. 2. Experimental setup. (Top) Schematic showing the arrangement used for dual-pumping of the disk-
resonator Brillouin laser. Lasers 1 and 2 are locked to distinctmodes of a high-Qdisk resonator. Servo control
involves direct frequency tuning of laser 1 and frequency shifting via an acousto-optic modulator (AOM) for
laser 2.The reference laser lines provided by the Brillouin oscillation are input to the optical division function.
Depending on the desired division ratio, two pathways are taken (path I and path II). For division up to 30×, a
pair of phase modulators are synchronously driven, whereas for larger division ratios, the phase modulators
are cascaded with a fiber pulse broadener containing an intensity modulator (IM), dispersion compensation
(DC), EDFA, and nonlinear fiber (HNLF).The filtered (OBPF) and detected signal is then processed for servo
control of the VCO. Also shown are the optical spectrum analyzer (OSA) and electrical phase shifters (PS).
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Fig. 3. Summaryof experimental data. (A)Optical spectra of co-lasingBrillouin
lasers at various tuning configurations used in the measurement corresponding to
cavity FSRspacingsprovided in the inset. (B)Optical spectrumofBrillouin laser lines
with (red) and without (blue) phase modulation. (C) SSB phase noise spectrum of
the optical reference (red) is shown. For this measurement, the dual SBS lines are
tuned to a detectable frequency difference. Also shown are the closed-loop VCO
phase noise referenced to dual SBS lines separated by 327GHz (blue) and 1.61 THz
(green), with corresponding division ratios of 30 and 148.The dashed black curve is

the phase noise of the free-running VCO.The light blue square markers denote the
phase noise sensitivity of the phase noise tester. (D) VCO RF power spectrum at
10.89GHz for open-loop and closed-loop conditions in which the Brillouin frequency
separation isdividedby18×,30×,and148×.Resolutionbandwidth issetat30Hz. (E)
Summaryof SSBphasenoise levels at 10.89GHzversusoptical division ratio.Cases
shownaremeasuredat 1-, 10-, and 100-kHzoffset frequencies.Thedashed linesgive
1/N2 trends. Phase noise levels for an Agilent MXG and PSG microwave sources
(carrier 11 GHz, 100 kHz offset) are provided for comparison.

Fig. 4. Demonstration of
tuning of the phase-locked
VCO frequency. (A) Optical
spectrum showing two
Brillouin reference laser lines
(blue) and tuning of the optical
division by means of variation
of the VCOmodulation
frequency to produce two
different combs. (B) RF power
spectrum corresponding to
division by 26× to produce
a 12.566-GHz electrical
carrier frequency (resolution
bandwidth is 30 Hz).
(C) RF power spectrum
corresponding to division by
36× to produce a 9.075-GHz
electrical carrier frequency
(resolution bandwidth
is 30 Hz).
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number 5989-0698EN, option UNX) are shown
as black, dashed, and dotted lines.
So far, themicrowave frequency has been fixed;

however, this can be adjusted by varying the di-
vision ratio,N, and the VCO frequency for a fixed
separation of the dual SBS lines n1 − n2 as in
Fig. 4A { fM = [(n1 − n2 Tdf )/(N)]}. The RF spec-
trum of a phase-locked 12.566 GHz carrier with a
division factor of 26 is shown in Fig. 4B, whereas
the RF power spectrum of a microwave signal at
9.075 GHz with a divison factor of 36 is shown in
Fig. 4C (in both cases, the dual SBS frequency
difference is set at 327 GHz).Moreover, the initial
reference frequency difference can also be tuned
so that a wide range of final microwave frequen-
cies can be derived from a single divider.
The optical division factor can be scaled to

higher values for additional phase noise improve-
ment. Although the frequency reference might
be based on some other system, for simplicity we
considered the use of one SBS laser operating at
1.55 mm (current system) and another at 1 mm
[recently demonstrated by using silica high-Q
disks (31)]. Matching the Brillouin shift at these
wavelengths within the same disk is possible by
designing the system to oscillate at a multiple
cavity free spectral range. For example, a disk
diameter of ~12 mm (FSR of ~5.4 GHz, which is
half of the Brillouin shift at 1.55 mmand one third
of the Brillouin shift at 1 mm) would enable sim-
ultaneous SBS oscillation at 1.55 and 1 mm. To
extend the comb over this span would require
about one half of an octave. Spectrally broadened
EOM combs with more than 500 nm bandwidth
have previously been demonstrated (32). An electro-
optical frequency divider spanning 1- and 1.55-mm
SBS lines is therefore feasible. This example sys-
tem does not necessarily represent a fundamen-
tal limit but nonetheless would feature a division
factor of ~7000. Assuming that relative phase
noise of the co-lasing optical lines does not
degrade beyond what has been demonstrated
in the present work, this hypothetical system
could provide phase noise performance close to
levels demonstrated by conventional OFD.
This new photonic architecture for OFD pro-

vides a route to improve the phase noise of a
common VCO. In the present configuration, dual
SBS lasers have been co-generated in a single,
chip-based resonator to establish a stable reference
as high as 1.61 THz. Although dual-pumped SBS
laser lines provide an excellent reference frequen-
cy, it should also be possible to lock two lasers to a
resonator to establish the reference. Because the
current frequency separation is limitedby the pump
lasers, much larger division ratios and potentially
lower phase noise levels should be possible. In
comparison with conventional OFD by use of a
self-referenced frequency comb, this technique
does not presently offer as large a division ratio.
However, it is simple and relatively low-cost and
also provides tuning of the electrical carrier. More-
over, it relies on a reference signal derived from
the relative phase of two lasers as opposed to the
absolute phase of a single laser. This can poten-
tially improve the robustness with respect to mi-
crophonics and other sources of technical noise.
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ASSOCIATIVE LEARNING

Role of synaptic phosphatidylinositol
3-kinase in a behavioral learning
response in C. elegans
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The phosphatidylinositol 3-kinase (PI3K) pathway regulates many cellular functions,
but its roles in the nervous system are still poorly understood. We found that a newly
discovered insulin receptor isoform, DAF-2c, is translocated from the cell body to the
synaptic region of the chemosensory neuron in Caenorhabditis elegans by a conditioning
stimulus that induces taste avoidance learning. This translocation is essential for learning
and is dependent on the mitogen-activated protein kinase–regulated interaction of CASY-1
(the calsyntenin ortholog) and kinesin-1. The PI3K pathway is required downstream of the
receptor. Light-regulated activation of PI3K in the synaptic region, but not in other parts of
the cell, switched taste-attractive behavior to taste avoidance, mimicking the effect of
conditioning. Thus, synaptic PI3K is crucial for the behavioral switch caused by learning.

S
ignaling through the insulin-PI3K path-
way is widespread in the mature brain,
where it has been implicated in memory
performance and neurological disorders
(1, 2). However, the regulation and roles

of this signaling in the central nervous system
are largely unknown. In Caenorhabditis elegans,
insulin-PI3K signaling acting in the nervous sys-
tem controls various biological processes (3),
including associative learning. C. elegans are at-
tracted to the previous salt concentration atwhich
they have been fed, whereas they avoid it if they

have been starved (Fig. 1A and fig. S1) (4, 5). The
avoidance of the salt concentrations associated
with starvation (hereafter called taste avoidance
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number 5989-0698EN, option UNX) are shown
as black, dashed, and dotted lines.
So far, themicrowave frequency has been fixed;

however, this can be adjusted by varying the di-
vision ratio,N, and the VCO frequency for a fixed
separation of the dual SBS lines n1 − n2 as in
Fig. 4A { fM = [(n1 − n2 Tdf )/(N)]}. The RF spec-
trum of a phase-locked 12.566 GHz carrier with a
division factor of 26 is shown in Fig. 4B, whereas
the RF power spectrum of a microwave signal at
9.075 GHz with a divison factor of 36 is shown in
Fig. 4C (in both cases, the dual SBS frequency
difference is set at 327 GHz).Moreover, the initial
reference frequency difference can also be tuned
so that a wide range of final microwave frequen-
cies can be derived from a single divider.
The optical division factor can be scaled to

higher values for additional phase noise improve-
ment. Although the frequency reference might
be based on some other system, for simplicity we
considered the use of one SBS laser operating at
1.55 mm (current system) and another at 1 mm
[recently demonstrated by using silica high-Q
disks (31)]. Matching the Brillouin shift at these
wavelengths within the same disk is possible by
designing the system to oscillate at a multiple
cavity free spectral range. For example, a disk
diameter of ~12 mm (FSR of ~5.4 GHz, which is
half of the Brillouin shift at 1.55 mmand one third
of the Brillouin shift at 1 mm) would enable sim-
ultaneous SBS oscillation at 1.55 and 1 mm. To
extend the comb over this span would require
about one half of an octave. Spectrally broadened
EOM combs with more than 500 nm bandwidth
have previously been demonstrated (32). An electro-
optical frequency divider spanning 1- and 1.55-mm
SBS lines is therefore feasible. This example sys-
tem does not necessarily represent a fundamen-
tal limit but nonetheless would feature a division
factor of ~7000. Assuming that relative phase
noise of the co-lasing optical lines does not
degrade beyond what has been demonstrated
in the present work, this hypothetical system
could provide phase noise performance close to
levels demonstrated by conventional OFD.
This new photonic architecture for OFD pro-

vides a route to improve the phase noise of a
common VCO. In the present configuration, dual
SBS lasers have been co-generated in a single,
chip-based resonator to establish a stable reference
as high as 1.61 THz. Although dual-pumped SBS
laser lines provide an excellent reference frequen-
cy, it should also be possible to lock two lasers to a
resonator to establish the reference. Because the
current frequency separation is limitedby the pump
lasers, much larger division ratios and potentially
lower phase noise levels should be possible. In
comparison with conventional OFD by use of a
self-referenced frequency comb, this technique
does not presently offer as large a division ratio.
However, it is simple and relatively low-cost and
also provides tuning of the electrical carrier. More-
over, it relies on a reference signal derived from
the relative phase of two lasers as opposed to the
absolute phase of a single laser. This can poten-
tially improve the robustness with respect to mi-
crophonics and other sources of technical noise.
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ASSOCIATIVE LEARNING

Role of synaptic phosphatidylinositol
3-kinase in a behavioral learning
response in C. elegans
Hayao Ohno,1,2 Shinya Kato,1* Yasuki Naito,1,3 Hirofumi Kunitomo,1

Masahiro Tomioka,3† Yuichi Iino1,2,3†

The phosphatidylinositol 3-kinase (PI3K) pathway regulates many cellular functions,
but its roles in the nervous system are still poorly understood. We found that a newly
discovered insulin receptor isoform, DAF-2c, is translocated from the cell body to the
synaptic region of the chemosensory neuron in Caenorhabditis elegans by a conditioning
stimulus that induces taste avoidance learning. This translocation is essential for learning
and is dependent on the mitogen-activated protein kinase–regulated interaction of CASY-1
(the calsyntenin ortholog) and kinesin-1. The PI3K pathway is required downstream of the
receptor. Light-regulated activation of PI3K in the synaptic region, but not in other parts of
the cell, switched taste-attractive behavior to taste avoidance, mimicking the effect of
conditioning. Thus, synaptic PI3K is crucial for the behavioral switch caused by learning.

S
ignaling through the insulin-PI3K path-
way is widespread in the mature brain,
where it has been implicated in memory
performance and neurological disorders
(1, 2). However, the regulation and roles

of this signaling in the central nervous system
are largely unknown. In Caenorhabditis elegans,
insulin-PI3K signaling acting in the nervous sys-
tem controls various biological processes (3),
including associative learning. C. elegans are at-
tracted to the previous salt concentration atwhich
they have been fed, whereas they avoid it if they

have been starved (Fig. 1A and fig. S1) (4, 5). The
avoidance of the salt concentrations associated
with starvation (hereafter called taste avoidance
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learning) was impaired in mutants of the com-
ponents of the insulin-PI3K pathway consisting
of the insulin receptor DAF-2, the PI3K AGE-1,
and downstream kinases (Fig. 1A and fig. S2)
(4, 5). DAF-2, which is the only C. elegans in-
sulin receptor, relays the signals of various
ligands (6) and controls multiple downstream
effectors (7).

To understand how the daf-2 gene can exert
diverse biological functions, we searched for pos-
sible splicing isoforms by screening daf-2 tran-
scripts with extensive use of reverse transcription
polymerase chain reaction. We discovered an iso-
form (hereafter called daf-2c) that has an inser-
tion of a new alternative exon (hereafter called
exon 11.5) located between exons 11 and 12 of the

daf-2a isoform (fig. S3A). This splicing pattern is
analogous to that of the B isoform of the mam-
malian insulin receptor (IR-B), which has an ad-
ditional cassette exon (exon 11) not present in the
A isoform (8). Both the alternative segments of
DAF-2c and IR-B are inserted near the C ter-
minus of the a chain that has been predicted to
be exposed extracellularly (Fig. 1B and fig. S3B)
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Fig. 1. Alternative splicing yields daf-2 isoforms with different intracellu-
lar localization and biological functions. (A) Preference for the ~50 mM
NaCl area was examined in insulin-signaling mutants that were conditioned
with 50 mM NaCl.The dashed line shows the control score of the wild type in
the absence of a NaCl gradient (0.45 T 0.03, n = 14); n ≥ 14. ***P < 0.001
(Dunnett’s test). (B) Schematic of the predicted structural difference (red)
between the two insulin receptor isoforms in C. elegans and humans. IRS-like
domain, a domain similar to the central part of insulin receptor substrate
(IRS). (C) Expression ratios of daf-2 (exon 11.5+) to daf-2 (exon 11.5−) in
mRNA that was isolated from the indicated tissues by mRNA tagging; n = 4.
**P < 0.01, ***P < 0.001 (Tukey’s test). (D) Salt concentration preferences of
animals ubiquitously expressing daf-2a or daf-2c. #1 and #2 indicate two

independent transgenic lines; n = 14. ***P < 0.001 (Dunnett’s test). (E) Dauer
formation of animals expressing daf-2a or daf-2c; n ≥ 5. ***P < 0.001 (Tukey’s
test). (F and G) Localization of DAF-2a::Venus (F) and DAF-2c::Venus (G) in
ASER. The lower panels show ASER labeled with mCherry. Arrowheads and
arrows indicate the axon (synaptic region) and the cell body, respectively.
Scale bars, 10 mm. (H) DAF-2c::Venus and a presynaptic marker, mCherry::
RAB-3, in the distal axon of ASER. Scale bars, 5 mm. (I) Axonal localization of
DAF-2a/c::Venus, expressed as ratios of axonal to cell body fluorescence, was
quantified in ASER of animals that had been starved for 0 to 180 min; n ≥ 16
for each condition. Difference between two isoforms: ***P < 0.001 (Bonferroni’s
test). Difference between time points: ++P < 0.01, +++P < 0.001 (Dunnett’s
test). Error bars represent SEM in all figures.
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translocation to the synaptic region
confers functional specificity to
DAF-2c. (A) Predicted structure of
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of axonal to cell body fluorescence,
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***P < 0.001 (Tukey’s test); n.s., not
significant. (E) Axonal localization of
DAF-2a fused with the intracellular
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0.001 (two-tailed t test). (F) Salt
concentration preference in casy-1
animals that express DAF-2a::CICD
or DAF-2c::CICD chimeric proteins
in ASER; n ≥ 20. ***P < 0.001
(Dunnett’s test).
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(5, 8, 9), which suggests that the roles of the
additional exon might be conserved between
C. elegans and mammals. In C. elegans, tissue-
specific mRNA pull-down showed that the inclu-
sion of exon 11.5 occurs frequently in the nervous
system (Fig. 1C) (5).
We expressed the daf-2a or daf-2c isoform from

single-copy transgenes that were integrated into
the genome with Mos1-mediated single-copy in-
sertion (MosSCI) (10). For taste avoidance learn-
ing, the expression of daf-2c, but not of daf-2a,
was sufficient to rescue the defect of daf-2 mu-
tants (Fig. 1D and fig. S5, A and B). In contrast,
for three other daf-2–regulated processes—the
regulation of dauer formation, life span, and in-
trinsic thermotolerance—the expression of daf-2c
was less effective than that of daf-2a (Fig. 1E, fig.
S5C, and table S1).

We attempted to elucidate the basis of the
functional difference betweenDAF-2a andDAF-2c
and discovered that these two forms show differ-
ent intracellular localizations. In the salt-sensing
neuron ASER, which is essential for taste avoid-
ance learning (fig. S6) (4, 5), DAF-2a fused with
Venus [a modified green fluorescent protein
(GFP)] was mainly localized to the cell body
(Fig. 1F). DAF-2c was strongly localized to the
synapse-rich neurite that extends to the neuropil
(called axon; Fig. 1, G and H) (5, 11). The axonal
localization of DAF-2c increased in response to
starvation (Fig. 1I and fig. S7), whereas that of
DAF-2a did not (Fig. 1I).
To explore whether axonal insulin-PI3K signal-

ing plays a directive role in taste avoidance learn-
ing, we developed a worm version of the PI3K
photoactivation system (fig. S8A) (5, 12).When the

PI3K photoactivation constructs (CRY2::iSH and
CIBN::pmGFP) were expressed in the ASER neu-
ron of daf-2mutants and blue light was applied,
nuclear accumulation of DAF-16 [which is negative-
ly regulated by the insulin-PI3K pathway (13)] was
reduced (Fig. 2, A and B).When the axon of ASER
was illuminatedwith blue light in animals express-
ing CRY2::iSH and CIBN::pmGFP, attraction to
the salt concentration experiencedwith foodwas
reduced, and avoidance was observed instead
(Fig. 2C and fig. S8, B to E). This behavioral change
was not observed when other parts of ASER,
the cell body, or the dendritic neurite were illu-
minated, nor when other chemosensory neurons
were illuminated after expression of CRY2::iSH
and CIBN::pmGFP (Fig. 2C and fig. S8, B to G).
Considering these results, we monitored the

effects of DAF-2a and DAF-2c upon the release
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of synaptic vesicles from ASER using synapto-
pHluorin, which is a pH-sensitive derivative of
GFP fused to SNB-1 (a C. elegans ortholog of
synaptobrevin) (14–16). daf-2 mutants exhibited
increased synaptic release fromASERupon a step-
wise decrease in the external NaCl concentration
under starvation (Fig. 2D) (16). The expression of
DAF-2c, but not that of DAF-2a, rescued the in-
creased synaptic release ofdaf-2mutants (Fig. 2D).
Calsyntenins, also called alcadeins, have a

C. elegans ortholog called CASY-1 (Fig. 3A).
Calsyntenins are type I transmembrane proteins
of the cadherin superfamily that have been im-
plicated in several types of learning in humans
andC. elegans (17–19), but their physiological roles
are not well understood. casy-1mutants showed
a defect in avoidance of previously experienced
salt concentrations after starvation, similar to
that seen in the insulin-PI3K pathway mutants
(Fig. 3B and fig. S9, B to D) (19). This defect of
casy-1 in taste avoidance learning was sup-
pressed by new mutant alleles of daf-18/PTEN
(the PI3K-antagonizing phosphatase) that were
identified in an unbiased genetic screen (Fig. 3B
and fig. S9) (5). This result promptedus to examine
the relationship between DAF-2 and CASY-1 and
led us to find that DAF-2c was not localized to
the axon but accumulated in the cell body in
casy-1 mutants (Fig. 3, C and D; compare with
wild type in Fig. 1G). The localization of DAF-2a
was unaffected (Fig. 3D), which suggests that
CASY-1 is involved in the isoform-specific axonal
localization ofDAF-2. Consistentwith these results,
casy-1mutants showed increased synaptic trans-
mission from the ASER axon, like that seen in daf-
2mutants (Fig. 2D) (5). casy-1 deletion increased
the rescue effect of daf-2c in the regulation of
dauer formation, life span, and intrinsic thermo-
tolerance (Fig. 1E, fig. S5C, and table S1).
How does CASY-1 control the axonal localiza-

tion of DAF-2c? Coimmunoprecipitation experi-
ments showed that CASY-1 physically interacts
in vivo with DAF-2c but not with DAF-2a (fig.
S10A). When the exon 11.5–encoded segment,
which distinguishes DAF-2c from DAF-2a, was
fused with a signal peptide for secretion and then
expressed, it was coprecipitated with CASY-1
(fig. S10B). On the other hand, the CASY-1 in-
tracellular C-terminal domain (CICD) binds to
the kinesin-1 light chain KLC-2 (20) in a yeast
two-hybrid assay, like its mammalian orthologs
(fig. S11A) (5, 21). CASY-1 can thus function as a
molecular linker for DAF-2c and the kinesin-1
motor. Consistent with this idea, the hypomor-
phic mutations or ASER-specific RNA interference
(RNAi) knockdown of kinesin-1 motor compo-
nents (unc-116 and klc-2) caused a decrease in
the axonal DAF-2c localization (fig. S11, B and C).
To determine whether the functional differ-

ence between DAF-2a and DAF-2c can be at-
tributed to the difference in localization, we
attempted to ectopically localize DAF-2a to the
axons. CICD, which binds to KLC-2 and is ex-
pected to be transported to the axon, was C-
terminally fused with DAF-2a (DAF-2a::CICD).
DAF-2a::CICD was more localized to the axon
than was wild-type DAF-2a (Fig. 3E). The expres-

sion of this chimera protein restored the learning
defect of casy-1 and daf-2 mutants (Fig. 3F and
fig. S12, A to C). The rescue effect of DAF-2c::CICD
was comparable to that of DAF-2a::CICD (Fig.
3F and fig. S12, A and B). These results support
the following two concepts: (i) DAF-2a con-
tributes to taste avoidance learning if it is forcibly
localized to the axon (5); therefore, the functional
difference between DAF-2a and DAF-2c is main-
ly due to the difference in axonal localization. (ii)
The forced localization of DAF-2 to the axon res-
cues the learning defect of casy-1; therefore, the
learning defect of casy-1 is caused by the deficit
in the axonal localization of DAF-2c. The expres-
sion of DAF-2a::CICD also rescued the increased
synaptic release of daf-2mutants, further suggest-
ing that axonal DAF-2 regulates synaptic trans-
mission (Fig. 2D). Quantitative relationships
between axonally localizedDAF-2 protein and salt
preference behavior supported the key roles of
axonal localization of this receptor (fig. S12E) (5).
We monitored the activity of extracellular

signal–regulated kinase (ERK)/mitogen-activated
protein kinase (MAPK) inASERduring starvation
with a FRET-based probe, ERKy (22), and found
that the ERK activity in ASER gradually decreases
after food deprivation at a constant NaCl concen-
tration of 50mM (Fig. 4A). A biochemical study
has shown that ERK phosphorylates the mam-
malian kinesin light chain KLC1 and inhibits the
binding of KLC1 to the intracellular domain of
calsyntenins (23). The sequence context of this
phosphorylation site is almost perfectly conserved
in C. elegans KLC-2 (5). In fact, ERK phosphoryl-
ated recombinant KLC-2, but not KLC-2(S452A), a
mutant form in which the putative phosphoryl-
ation site Ser452 was mutated to alanine (fig. S13).
We therefore investigated whether ERK regu-

lates the CASY-1–dependent axonal localization
of DAF-2c and salt chemotaxis in vivo. Hypo-
morphicmutations or ASER-specific RNAi knock-
down of each of the Ras-MAPK pathway genes
let-60, mek-2, and mpk-1 (encoding Ras, ERK
kinase, and ERK, respectively) increased axonal
localization of DAF-2c and reduced worm attrac-
tion to the salt concentration associated with
food (Fig. 4, B and C, and fig. S14, A to G). The
deletion of casy-1 suppressed these phenotypes
(Fig. 4, B and C, and fig. S14, A, B, and H to J),
which suggests that CASY-1 is essential for ax-
onal transport of DAF-2c even in the absence of
MAPK. The forced ASER expression of KLC-2
(S452A) significantly increased the axonal local-
ization of DAF-2c (Fig. 4, D and E) and decreased
the attraction of the previous salt concentra-
tion that was experienced with food (Fig. 4F and
fig. S14, K and L), whereas the expression of a
phosphomimic form, KLC-2(S452D), had no ef-
fect (Fig. 4, D and E, and fig. S14, K and L). In the
casy-1 mutant background, the expression of
KLC-2(S452A) did not alterDAF-2c localizationor
salt chemotaxis (Fig. 4,D and F, and fig. S14, K and
L). Taken together, these findings indicate that
the Ras-MAPK pathway is a candidate for trans-
mitting a food signal and for negatively regulat-
ing axonal localization of DAF-2c upstream of
CASY-1 and KLC-2.

Our data demonstrate that the CASY-1 and
kinesin-1 complex that is regulated by the Ras-
MAPK pathway confers functional specificity to
the insulin receptor long isoform through rapid
translocation to the synaptic region (Fig. 4G). The
mammalian insulin receptor also localizes to the
synaptic region of neurons (24), and both insulin
signaling and calsyntenins have been considered
relevant tomemory performance and Alzheimer’s
disease in humans (1, 2, 17, 25). Our findings may
lead to further understanding of the mecha-
nisms underlying human memory formation
and dementia.
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PALEOCEANOGRAPHY

Thermohaline circulation crisis
and impacts during the
mid-Pleistocene transition
Leopoldo D. Pena1* and Steven L. Goldstein1,2

The mid-Pleistocene transition (MPT) marked a fundamental change in glacial-interglacial
periodicity, when it increased from ~41-thousand-year to 100-thousand-year cycles and
developed higher-amplitude climate variability without substantial changes in the
Milankovitch forcing. Here, we document, by using Nd isotopes, a major disruption of
the ocean thermohaline circulation (THC) system during the MPT between marine
isotope stages (MISs) 25 and 21 at ~950 to 860 thousand years ago, which effectively
marks the first 100-thousand-year cycle, including an exceptional weakening through
a critical interglacial (MIS 23) at ~900 thousand years ago. Its recovery into the
post-MPT 100-thousand-year world is characterized by continued weak glacial THC.
The MPT ocean circulation crisis facilitated the coeval drawdown of atmospheric
CO2 and high-latitude ice sheet growth, generating the conditions that stabilized
100-thousand-year cycles.

T
he causes of the mid-Pleistocene transition
(MPT) from 41- to 100-thousand-year (ky)
glacial-interglacial periodicity and more
intense glacials (1, 2) are not well under-
stood. Because the astronomical drivers of

climate variability remained the same (3), there
must have been primary changes in the ocean-
atmosphere-continental ice system (4–8). We used
neodymium (Nd) isotopes in South Atlantic deep-
sea cores to trace North Atlantic Deep Water
(NADW) export to the Southern Ocean, which
document a major shift in the ocean thermoha-
line circulation (THC) system (9) between marine
isotope stages (MISs) 25 and 21 at ~950 to 860
thousand years ago (ka) (6). During the 41-ky
world covered by this study (MISs 31 to 25 at
1100 to 950 ka), differences in glacial-interglacial
THC vigor were much smaller than in the 100-ky
world (MISs 21 to 15 at 860 to 600 ka), which is
characterized by much weaker glacial THC. The
important interval includes the first major THC
weakening during MISs 24 to 22 and MIS 23 as
the only known interglacial during which the THC
system did not strengthen. The weak THC sta-
bilized this first 100-ky glacial cycle, which helped
to drive the climate system across the threshold
to continued 100-ky cycles.
Hypotheses to explain what caused the MPT

[e.g., (7, 10, 11) and references therein] include non-
linear climate responses to Milankovitch forcing
[e.g., (12, 13)], cooling of sea-surface temperatures
and increased sea-ice cover (11, 14, 15), changes in
THC vigor inferred from benthic foraminiferal
carbon isotopes (10), long-term or sudden de-
crease of atmospheric partial pressure of CO2

(PCO2) (16), and stabilization of ice sheets from
loss of underlying regolith (5, 7). A point of con-
sensus is that decreased PCO2 was important for
enhancing cooling and facilitating ice-sheet growth,
and modeling studies conclude that PCO2 reduc-
tion during glacial periods may be the result of
decreased ocean ventilation, increased carbonate
alkalinity, terrestrial carbon storage, and increased
marine productivity and that the deep ocean’s
storage capacity would be enhanced by a weaker
THC (17–21) (supplementary materials).
The utility of Nd isotopes as a paleo-ocean

circulation tracer reflects the short Nd ocean res-
idence time [500 to 1000 years, e.g., (22)], which
is less than the mixing time. As a result, Nd
isotope ratios (presented as eNd, defined in the

tables S1 and S2 caption) vary in space and time.
eNd values in seawater and marine precipitates
are not substantially fractionated by biological
and physical processes (unlike light stable isotope
d13C and d18O) and reflect radioactive decay of
147Sm over Earth’s history. In seawater, eNd val-
ues behave quasi-conservatively, that is, approxi-
mating the mixture of end-member deep-water
masses even far from the source areas (23). Over
the past decade or so, studies have shown that
eNd in Fe-Mn oxide precipitates in deep-sea cores
can be used tomonitor THC variability [e.g., (24)].
A key observation for applying eNd as a paleo-
THC tracer is that eNd values have remained
close to ~–4 and ~–13 in the deep North Pacific
(NPW) andNorth Atlantic end-members, respec-
tively, at least over the past ~2million years [e.g.,
(25–27) and figs. S1 and S2]. These differences
reflect erosion of old continent into the North
Atlantic and a substantial young volcanic com-
ponent into the Pacific.
We report eNd on Fe-Mn oxide encrusted fora-

minifera samples from Ocean Drilling Project
(ODP) sites 1088 (41°8.16'S, 13°33.77′E, 2082 m)
and 1090 (42°54.82′S, 8°53.98E′, 3702 m) in the
Cape Basin, southeast Atlantic, through theMPT
(tables S1 and S2). We sampled glacial and inter-
glacial peaks between MISs 31 and 15 (~1100 to
600 ka) in order to capture first-order changes in
the THC system across theMPT; the stratigraphy
is based on benthic foraminiferal oxygen iso-
topes (d18Ob) in these cores (21, 28) (Fig. 2). Both
sites are in the sub-Antarctic zone, near the
upper and lower boundaries between NADW
and Circumpolar Deep Water (CDW) (Fig. 1). At
this latitude in the southeast Atlantic, the high-
salinity NADW core today has eNd ~–10.5, and at
the ODP core site depths eNd values are ~–10 (29).
As NADWmoves southward, it mixes with CDW,
which today has eNd ~ –8.5 (29). By using the eNd
and Nd concentrations in NADW and deep NPW
(Fig. 3 caption), themixing percentages are ~75:25
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Fig. 1. Meridional hydrographic profile in the present-day South Atlantic showing the different
water masses based on the salinity distribution (World Ocean Atlas). ODP sites 1088 and 1090
are located at the upper and lower boundaries of the southward-flowing NADW wedge, which is partly
mixedwith northward-flowing CDWand Antarctic IntermediateWater (AAIW).White isolines correspond
to themodern South Atlantic seawater eNd (29) and show that NADWhasmore-negative eNd (–10 to –10.5),
whereas present-dayCDWandAAIWhave higher eNd (–8.5 to–9),which reflects themixing of Atlantic and
Pacific source waters (23). psu, practical salinity unit.



NADW:NPW in Cape Basin NADW and ~60:40
NADW:NPW in CDW. Given the stability of eNd
values in deep North Atlantic and North Pacific
end-members through the MPT interval (fig. S1),
we interpret our sample eNd values to reflect
changes in the end-member mixing fractions.
Reductions in the southward penetration of
NADW appear as more-positive eNd values. Be-
cause Nd isotopes cannot distinguish between
different North Pacific– or North Atlantic–sourced
waters having the same end-member values [e.g.,
NADW today and glacial North Atlantic inter-
mediate water (GNAIW) during recent glacials
(30)], we refer to these water masses as North
Pacific– or North Atlantic–sourced waters (NPSW
and NASW, respectively).
During the studied pre-MPT interval (MISs

31 to 25, 1100 to 950 ka) at the mid-depth site,
the differences in glacial and interglacial eNd
values are small (Figs. 2A and 3A). During glacials,
eNd values are only slightly more positive than
during interglacials (–8.96 T 0.19 versus –9.40 T
0.38, respectively, 1 SD, n = 3). TheNASWmixing
percentages (Fig. 3A and table S1) during inter-
glacials are similar to those of the modern Cape
Basin (~72 T 3%) and are only slightly lower
during glacials (~68 T 2%), consistent with strong
glacial export of NASW. The deep-ocean site
(Figs. 2B and 3B) displays a similar pattern but
with pre-MPT glacials and interglacials showing

larger eNd differences than the mid-depth site
(–8.45 T 0.15 versus –9.55 T 0.33, respectively, 1 SD,
n = 3 for glacials, n = 4 for interglacials), indi-
cating slightly higher interglacial and lower glacial
NASW mixing percentages (Fig. 3C and table S2)
than the mid-depth site (~73 T 3% versus 62 T 2%,
respectively). Thus, eNd values in both sites indicate
notable NASW presence in the deep South
Atlantic during pre-MPT interglacials and glacials,
and in particular the mid-depth site documents
sustained export of NASW and a vigorous THC
even during glacials (Fig. 4, A and B).
The post-MPT regime (MISs 21 to 15, 860 to

600 ka) shows major differences in the THC
mode during glacials compared with the 41-ky
world (Figs. 2 to 4). Both mid-depth and deep
sites record large shifts toward more-positive
glacial eNd values [–7.77 T 0.29 and –7.39 T 0.05,
respectively, 1 SD, n = 4; versus pre-MPT values
of ~–9.0 and –8.5, respectively (Fig. 2)], indicat-
ing much weaker glacial NASW export in the
100-ky world [~53 T 4% and ~49 T 1%, respec-
tively, versus ~68 T 2% and ~62 T 2%, respec-
tively, during pre-MPT glacials (Fig. 3A)]. In
contrast to glacials, the eNd values during inter-
glacials are essentially the same before and after
the MPT at both mid-depth and deep sites (re-
maining at ~–9.4; Figs. 2 and 3). The data indicate
similar NASW export to the Southern Ocean
during pre- and post-MPT interglacials, whereas

it has been substantially reduced during post-
MPT glacials (Figs. 3 and 4).
The Nd data underscore the importance of

MISs 25 to 21 as an interval ofmajor transition in
the THC system (Figs. 2 and 3). At the mid-depth
site, the change from strong pre-MPT glacial THC
to weak post-MPT THC occurs suddenly in MIS
24, with a large eNd increase (from ~–9 during
MIS 26 to ~–7 during MIS 24), whereas in the
deep site the change is more gradual, reaching
eNd ~–7 at MIS 22 (Fig. 2C). During this period,
MIS 23 at ~900 ka (6) stands out as an exceptional
interglacial (Figs. 2 and 3) during which eNd
values did not shift to more-negative values, in-
dicating a stronger THC. Rather, the mid-depth
and deep sites show similarly high eNd values
like the preceding glacial MIS 24 (Fig. 2). This
observation at both sites precludes any sam-
pling artifact (supplementary materials). MIS 23
is thus unique as the only known interglacial in
which the THC did not strengthen, not even to
pre-MPT glacial levels. Rather, it operated in the
same weak mode as post-MPT glacials and thus
can be considered a transglacial (a glacial-like
interglacial), with eNd values of –7.1 and –8.0 at
the mid-depth and the deep sites, respectively,
corresponding toNASWend-membermixing per-
centages of only ~46 T 2% and ~58 T 3%, respec-
tively (Fig. 3, A and C). By using the present day
as an analog, we can estimate the equivalent flux
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Fig. 2. Glacial-interglacial eNd in the South Atlantic
(Cape Basin) at mid-depth (site 1088) and deep (site
1090) sites through the MPT (~1100 to 600 ka). Red
and blue lines connect data for samples from interglacial
and glacial maximum, respectively. Error bars indicate the
propagated error (2s) of the eNdmeasurements. (A andB)
ODP site 1088 (purple) and site 1090 (pink) benthic
foraminiferal d18O records (21, 28). MIS numbers of
interglacials are listed. (C) Sites 1088 (yellow) and 1090
(green) benthic d13C isotope records plotted in the same
scale, showing the small d13C amplitude at site 1088
compared with 1090. The vertical gray bar indicates the
time interval between MISs 24 and 22, when a drastic
change in the eNd values took place at both sites, linked to
a major weakening of NASW advection into the South
Atlantic.
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drop of NASW (details in supplementary mate-
rials) on the basis of the mixing percentages and
the present-day NADW flux of 15 sverdrups (31).
Thefluxdrop isequivalentto reductions inNASW
southward export of ~11 T 2 and ~8 T 2 sverdrups
for the mid-depth and deep sites, respectively,
and is similar to low NASWmixing percentages
in the South Atlantic during recent Heinrich
events (~42 to 46%) (24), which cause especially
weak THC (Fig. 3).
The eNd data point to a major role for the

THC in facilitating the MPT during the critical
period between MISs 25 and 21 and document a
major reduction in NASW export duringMIS 24.
Such a THC change would most likely originate
in the North Atlantic and thus indicates that an
important threshold was reached in the North
Atlantic region that resulted in an unprecedented
weakening of the THC compared with earlier
glacials, likely associated with increased volume
and/or stability of the continental ice sheets [e.g.
(5, 7)]. The MIS 24 THC weakening predated the
main phase of ice sheet growth during MISs
24 to 22 that was recently documented in a
d18Ob-based MPT sea-level reconstruction by
Elderfield et al. (8). That studynoted that Southern

Hemisphere summer insolation duringMIS 23was
anomalously low (fig. S3) and concluded that the
increase in continental ice volume (corresponding
to a ~120-m sea level decrease over the entire MIS
24 to 22 interval) took place primarily in Antarctica
(fig. S3). Our Nd data indicate even lower NASW
export during MIS 23 and 22 than MIS 24 (Fig.
3A), indicating substantial impacts also onNorth
Atlantic ice sheets during this interval. The timing
of the decrease in the glacial THC vigor also cor-
responds to the drawdown in glacial atmospheric
PCO2, shown to have occurred abruptly also during
betweenMISs 25 and 23 in recent proxy data and
modeling studies, which further indicates similar
interglacial PCO2 levels during 41- and 100-ky
glacial cycles and much lower glacial PCO2 in the
100-ky world (16, 19, 32) (Fig. 3). The observation
that post-MPT glacials are characterized by de-
creased THC vigor and reduced atmospheric
PCO2 compared with pre-MPT glacials, whereas
the differences are much smaller for pre- and
post-MPT interglacials, strongly indicates a link-
age. During the critical interval, the weak THC
facilitated drawdown of atmospheric CO2 by re-
ducing exchange between Antarctic surface and
deep waters [e.g., (21)], which in turn resulted in

further cooling. As a corollary effect, in the 100-ky
world, glacial periods have been characterized
by weak THC (Fig. 4, A and C), which facilitates
reduced atmospheric PCO2 and more intense
glacials.
Studies of foraminiferal d13Cb have been fun-

damental for understanding past ocean circula-
tion [e.g., (30)] and used as evidence for THC
variability through the MPT [e.g., (10)]. At the
mid-depth site, d13Cb values are always heavier
(more NASW-like) than the deep site, whereas
the deep site shows greater glacial-interglacial
variability (21) (Fig. 2). The d13Cb data contrast
with d18Ob, which displays similar amplitudes in
both sites in response to global changes in deep-
ocean temperature and ice volume. Moreover,
d13Cb in the deep site cannot be used to quantify
THC changes because glacial values overshoot
the Pacific end-member during glacial periods
(21), indicating disruption of the deep d13Cb THC
signal by processes such as air-sea exchange and
biological productivity [e.g., (33, 34)]. The high
glacial d13Cb gradient (Fig. 2) is consistent with
greater glacial water column stratification and
provides a means to store CO2 in the deep
ocean, which would enhance glacial cooling (21).
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Fig. 3. Estimation of the mixing proportions of
NASW and NPSW water masses during glacial
(blue) and interglacial (red) time periods using
eNd and Nd concentrations and assuming bina-
ry mixing for (A) sites 1088 and (C) 1090. The
Atlantic-Pacific mixing curve is based on the fol-
lowing parameters: for NADW, eNd = –13 and [Nd] =
22 pmol/kg; for NPW, eNd = –4.5 and [Nd] =
42 pmol/kg (23).The horizontal dashed lines and
gray bar correspond to modern mixing ratios for
the Cape Basin (eNd = –10.3), Southern Ocean
(eNd = –9), and the very high eNd values in the South
Atlantic during Heinrich events (eNd = –6.9 to –7.3)
(24). (B) Yellow circles correspond to atmospheric
PCO2 estimates based on B-isotope reconstructions
(16) and compared with ice-core atmospheric PCO2

(35). Dashed lines indicate pre- and post-MPT PCO2

averages (2s deviations), indicating a net drop of 40
parts per million by volume (ppmv), mostly driven
by glacial PCO2 drop (16). Also shown are PCO2 re-
constructions based on benthic foraminiferal d13C
(gray) (36), and two model outputs based on the
LR04 stack [light blue andmagenta (19, 32)]. Error
bars indicate the propagated eNd error (2s) into the
mixing calculation (supplementary materials).
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In contrast to d13Cb, the eNd values at both sites
remain between the NASW and NPSW end-
members andmay clarify processes affecting d13Cb.
For example, GNAIW has been proposed to
explain higher d13Cb values at mid-depths (21, 30),
and this is in agreementwith our eNd data, where
the mid-depth site systematically shows more
NASW-like values than the deep site during
glacials (Figs. 2 and 3, excepting MIS 24 when
the THC crisis began), thus supporting the pres-
ence of partially ventilatedNASW-derived inter-
mediatewaters. During interglacials, the deep site
shows stronger NASW-like character (tables
S1 and S2), likely reflecting deeper interglacial
convection of NADW.
We conclude that the MPT was marked by a

drastic change in the deep-ocean THC during
glacials, which shifted from an active pre-MPT
glacial-THC mode to a reduced post-MPT glacial-

THC mode. In contrast, the vigor of the THC pre-
and post-MPT has remained similar during
interglacials. A variety of observations document
a series of events that fed back upon each other
during the first 100-ky glacial cycle between MISs
25 and 21 (~950 to 850 ka) and led to perma-
nent increases in the length of glacial-interglacial
cycles and the intensity of glacials. The North At-
lantic ice sheets reached a milestone in size and/or
stability that resulted in substantial reduction of
THC vigor during MIS 24 (Fig. 2). The weak THC
in turn facilitated atmospheric CO2 drawdown
(16) (Fig. 3) by reducing exchangebetweenAntarctic
surface and deepwaters, which in turn resulted in
further cooling. The lower temperatures facilitated
ice sheet expansion in Antarctica (8) as well as the
North Atlantic region, because the weak export
of NASW, typical of post-MPT glacials, continued
through the critical transglacial MIS 23. These

impacts were amplified by anomalously low
Southern Hemisphere summer insolation during
MIS 23, resulting in suppressed interglacial melt-
ing of Antarctic continental ice, likely amplified by
sustained sea-ice cover around the Southern Ocean
(14). The cold glacial conditions and weak THC
continued through MIS 22. Together, these effects
facilitated major ice-sheet expansion through the
MIS 24 to 22 interval and generated conditions for
crossing the threshold to further 100-ky glacial-
interglacial cycles and colder glacials.
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Fig. 4. Schematic illustrations of the changes
in South Atlantic THC across the MPT. The
pre-MPT time period of MISs 31 to 25 (~1100 to
950 ka) is characterized by substantial export of
NASW to the South Atlantic during both (A) gla-
cials and (B) interglacials. eNd values indicate
little glacial-interglacial variability at mid-depth
(site 1088) and important NASW contributions
during glacials. In the deep ocean (site 1090), the
difference between glacials and interglacials is
larger, but pre-MPT glacials show substantially
more NASW than post-MPT glacials. The post-
MPT time period since MISs 21 to 15 (~860 to
600 ka) is characterized by (C) strong THC during
interglacials, like the pre-MPTperiod, but (D) weak
THC during glacials. (E) The MIS 24 to 22 interval,
centered at ~900 ka, shows an unprecedented
weakening of NASW, similar to post-MPT glacials.
MIS 23 is unique as an interglacial with THC like
post-MPTglacial periods.
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Oceanic mass transport by
mesoscale eddies
Zhengguang Zhang,1 Wei Wang,1* Bo Qiu2

Oceanic transports of heat, salt, fresh water, dissolved CO2, and other tracers regulate
global climate change and the distribution of natural marine resources. The time-mean
ocean circulation transports fluid as a conveyor belt, but fluid parcels can also be trapped
and transported discretely by migrating mesoscale eddies. By combining available satellite
altimetry and Argo profiling float data, we showed that the eddy-induced zonal mass
transport can reach a total meridionally integrated value of up to 30 to 40 sverdrups
(Sv) (1 Sv = 106 cubic meters per second), and it occurs mainly in subtropical regions,
where the background flows are weak. This transport is comparable in magnitude to that
of the large-scale wind- and thermohaline-driven circulation.

H
eat andmaterial transports in oceans play a
dominant role in regulating Earth’s climate
and in controlling the oceanic absorption
of greenhouse gases that are responsible
for global warming. Large-scale wind- and

thermohaline-driven ocean circulation has tradi-
tionally been regarded to constitute the major
part of the oceanic transport, and its spatiotem-
poral variations to have profound climate and
biogeochemical impacts. However, by tracking
water masses (1) and radiocarbons (2), observa-
tional studies have revealed that the large-scale
circulation alone cannot explain the oceanic tran-
sports. Since the detection of their ubiquitous
presence in the oceans more than three decades
ago, oceanic mesoscale eddies with length scales
about 50 to 300 km have been recognized as key
contributors in transporting heat, dissolved car-
bon, and other biogeochemical tracers (3–6).
Unlike the large-scale circulation that tran-

sports fluids and their properties continuously,
mesoscale eddies can trap fluid parcels within
the eddy core and transport them discretely
(7, 8). Our theoretical understanding of the pro-
cesses involving mesoscale eddies remains, how-
ever, incomplete. For example, many existing
studies have treated transport by eddies as a
simple diffusion process that tends to obscure
the redistribution processes of dynamical and bio-
geochemical tracers (9). In addition to the theo-
retical understanding, it is equally important to
quantify the eddy-induced fluid volume tran-
sport on the basis of available observational data.
There exist, however, two major challenges for
such quantification: First, there is no widely ac-
cepted criterion that defines the volume of fluid
trapped by an eddy; and, second, accurate ver-
tical structures of the mesoscale eddies are often
observationally inaccessible.
In defining the fluid trapped by eddies, all ex-

isting criteria are kinematic in nature; they are

inherently descriptive and depend on the choice
of reference frame (6–8, 10). From a dynamical
point of view, the movement of a rotating fluid
can be depicted by a dynamically conserved quan-
tity: potential vorticity (PV), its tendency to spin.
PV contours have long been used to identify the
trajectory of fluid particles in the ocean (11), and
fluid tends to be trapped within the closed PV
contours (12). A classical demonstration of this
constraint is theTaylorColumn in thehomogeneous-
fluid rotating tank experiment (13). For an adia-
batic stratified ocean, fluidmotion is constrained
on isopycnal surfaces. If a PV contour on an iso-
pycnal is closed because of eddy perturbations,
the fluid trapped inside this closed contour will
move with the eddy. In the present work, the
outmost closed PV contours on isopycnals were
used as the criterion to determine the boundary
of fluid trapped by eddies.
Regarding the second challenge of capturing

the three-dimensional (3D) structures of meso-
scale eddies, our recent study has demonstrated
that they can be reconstructed by combining the
high-resolution satellite altimeter data and con-
current Argo profiling float temperature/salinity
data (14). Once the 3D potential density (called
density hereafter) field is reconstructed from the
altimeter sea surface height (SSH)measurements,
we are able to evaluate the eddy-perturbed PV
field and finally quantify the fluid volume trapped
by themoving eddies (15). To verify ourmethod of
reconstructing the eddy density field, we used
independentmooring observations fromdifferent
regions of theworld oceans: the Labrador Sea, the
Arabian Sea, and the Kuroshio Extension (Fig. 1).
The reconstructed eddy density structures are
found to compare favorably with the mooring
results for both the warm- and cold-core eddies.
The relative errors of the reconstructed isopycnal
surface displacement are estimated to be 20% of
the variance (15), an uncertainty level that is ac-
ceptable for estimating the fluid volume trapped
by mesoscale eddies.
For illustration, three isopycnal surfaces of an

observedwarm-core eddy in the subtropical North
Pacific are presented in Fig. 2A. The isopycnal
surfaces of thiswarm-core eddy exhibit a concave
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Oceanic mass transport by
mesoscale eddies
Zhengguang Zhang,1 Wei Wang,1* Bo Qiu2

Oceanic transports of heat, salt, fresh water, dissolved CO2, and other tracers regulate
global climate change and the distribution of natural marine resources. The time-mean
ocean circulation transports fluid as a conveyor belt, but fluid parcels can also be trapped
and transported discretely by migrating mesoscale eddies. By combining available satellite
altimetry and Argo profiling float data, we showed that the eddy-induced zonal mass
transport can reach a total meridionally integrated value of up to 30 to 40 sverdrups
(Sv) (1 Sv = 106 cubic meters per second), and it occurs mainly in subtropical regions,
where the background flows are weak. This transport is comparable in magnitude to that
of the large-scale wind- and thermohaline-driven circulation.

H
eat andmaterial transports in oceans play a
dominant role in regulating Earth’s climate
and in controlling the oceanic absorption
of greenhouse gases that are responsible
for global warming. Large-scale wind- and

thermohaline-driven ocean circulation has tradi-
tionally been regarded to constitute the major
part of the oceanic transport, and its spatiotem-
poral variations to have profound climate and
biogeochemical impacts. However, by tracking
water masses (1) and radiocarbons (2), observa-
tional studies have revealed that the large-scale
circulation alone cannot explain the oceanic tran-
sports. Since the detection of their ubiquitous
presence in the oceans more than three decades
ago, oceanic mesoscale eddies with length scales
about 50 to 300 km have been recognized as key
contributors in transporting heat, dissolved car-
bon, and other biogeochemical tracers (3–6).
Unlike the large-scale circulation that tran-

sports fluids and their properties continuously,
mesoscale eddies can trap fluid parcels within
the eddy core and transport them discretely
(7, 8). Our theoretical understanding of the pro-
cesses involving mesoscale eddies remains, how-
ever, incomplete. For example, many existing
studies have treated transport by eddies as a
simple diffusion process that tends to obscure
the redistribution processes of dynamical and bio-
geochemical tracers (9). In addition to the theo-
retical understanding, it is equally important to
quantify the eddy-induced fluid volume tran-
sport on the basis of available observational data.
There exist, however, two major challenges for
such quantification: First, there is no widely ac-
cepted criterion that defines the volume of fluid
trapped by an eddy; and, second, accurate ver-
tical structures of the mesoscale eddies are often
observationally inaccessible.
In defining the fluid trapped by eddies, all ex-

isting criteria are kinematic in nature; they are

inherently descriptive and depend on the choice
of reference frame (6–8, 10). From a dynamical
point of view, the movement of a rotating fluid
can be depicted by a dynamically conserved quan-
tity: potential vorticity (PV), its tendency to spin.
PV contours have long been used to identify the
trajectory of fluid particles in the ocean (11), and
fluid tends to be trapped within the closed PV
contours (12). A classical demonstration of this
constraint is theTaylorColumn in thehomogeneous-
fluid rotating tank experiment (13). For an adia-
batic stratified ocean, fluidmotion is constrained
on isopycnal surfaces. If a PV contour on an iso-
pycnal is closed because of eddy perturbations,
the fluid trapped inside this closed contour will
move with the eddy. In the present work, the
outmost closed PV contours on isopycnals were
used as the criterion to determine the boundary
of fluid trapped by eddies.
Regarding the second challenge of capturing

the three-dimensional (3D) structures of meso-
scale eddies, our recent study has demonstrated
that they can be reconstructed by combining the
high-resolution satellite altimeter data and con-
current Argo profiling float temperature/salinity
data (14). Once the 3D potential density (called
density hereafter) field is reconstructed from the
altimeter sea surface height (SSH)measurements,
we are able to evaluate the eddy-perturbed PV
field and finally quantify the fluid volume trapped
by themoving eddies (15). To verify ourmethod of
reconstructing the eddy density field, we used
independentmooring observations fromdifferent
regions of theworld oceans: the Labrador Sea, the
Arabian Sea, and the Kuroshio Extension (Fig. 1).
The reconstructed eddy density structures are
found to compare favorably with the mooring
results for both the warm- and cold-core eddies.
The relative errors of the reconstructed isopycnal
surface displacement are estimated to be 20% of
the variance (15), an uncertainty level that is ac-
ceptable for estimating the fluid volume trapped
by mesoscale eddies.
For illustration, three isopycnal surfaces of an

observedwarm-core eddy in the subtropical North
Pacific are presented in Fig. 2A. The isopycnal
surfaces of thiswarm-core eddy exhibit a concave
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shape. The upper isopycnal surface outcrops at
the sea surface and envelops a bulk of warm
water. All PV contours on this isopycnal are closed,
and the boundary of the trapped water coincides
with the outcrop line. On the middle isopycnal
of the eddy (at ~500 m depth), the PV contours
near the eddy core are closed, whereas those
outside the eddy core are open; in this case, the
eddy traps only the fluid within the outermost
closed PV contour. As the eddy perturbation de-
cays with depth, the area enclosed by the closed
PV contours diminishes on denser isopycnals,

and the eddy loses its ability to trap water in
these deep layers. The outmost closed PV con-
tour on each isopycnal forms a 3D conic surface
(the transparent black surface in Fig. 2A), and it
is this surface that delineates the boundary of the
fluid trapped by this warm-core eddy. For com-
parison, a cold-core eddy detected in the same
geographical region is presented in Fig. 2B, and
the fluid trapped by this cold-core eddy exhibits a
somewhat different vertical enveloping shape.
From the sequential SSH maps from the sat-

ellite altimeter measurements, we evaluated the

propagation speed of individual eddies by adopt-
ing a Lagrangian tracking method (16, 17). With
the eddy propagation speed and its volume of
trapped fluid at hand, the eddy-induced mass
transport is readily quantifiable (15). Figure 3A
shows the global distribution of the eddy-induced
zonal transport based on the altimeter SSH data
of 1992–2010. A remarkable feature is that the
regions of large westward eddy transport are lo-
cated in all latitude bands between 20° to 40°.
Also noteworthy is that an enhanced eddy-
induced eastward transport occurs along the
Antarctic Circumpolar Current path south of 40°S.
When integrated over the entire latitude range
from 80°S to 80°N, the total zonal eddy-induced
transports add up to 30 to 40 Sv westward and 5
to 10 Sv eastward (Fig. 3B). The global distribu-
tion of eddy-inducedmeridional transport is shown
in Fig. 4A. Geographically, the meridional eddy
transport has a poleward tendency within the
tropical regions (20°S to 20°N) and an equator-
ward tendency in the subtropical regions (20°N
to 60°N and 20°S to 60°S). Thismeridional eddy
transport in many parts of the world oceans
moves in the same direction as the meridional
wind-forced Ekman transport. The convergent
latitudes for themeridional eddy transport, how-
ever, appear equatorward of the convergent lat-
itudes for the meridional Ekman transport.
Because of the predominance of westward prop-
agations by the mesoscale eddies (17), the zonally
integrated eddy-induced meridional transport is
on the order of several sverdrups, which is much
smaller than the zonal eddy-induced mass tran-
sport (Fig. 4B). The relative errors in these tran-
sport values are estimated at about 20% (15).
As a comparison, the transports of the wind-

driven gyres in the Pacific, Atlantic, and Indian
Oceans are 20 to 60 Sv, 20 to 50 Sv, and 10 to
25 Sv, respectively, and the transports of the
thermohaline circulation in these three oceans are
10 to 20 Sv, 9 to 20 Sv, and 10 to 15 Sv, respectively
(18, 19). The 30- to 40-Sv value of the eddy-induced
zonal transport is comparable in magnitude with
the large-scale wind- and thermohaline-driven
circulation. Apart from the Southern Ocean, these
zonal transports work to accumulate water onto
thewestern side of the ocean basins, implying that
the mesoscale eddies can exert a strong impact on
the transports of the western boundary currents.
Indeed, observations of the Kuroshio transport
east of Taiwan reveal that its interannual variation
has no obvious correlation with the large-scale
wind fluctuations but exhibits a good correspon-
dence with the eddy kinetic energy level east of
the island of Taiwan (20). As indicated in Fig. 3A,
the region east of Taiwan is the strongest hot
spot of eddy-induced tranport in the North Pa-
cific Ocean. With the amount of mesoscale eddies
modulating on the interannual and decadal time
scales (21), the eddy-induced zonal transport is
likely to fluctuate as well. By altering the pole-
ward mass and heat transport carried by the
western boundary currents, the eddy-induced tran-
sport fluctuations can contribute substantially
to regional and basin-scale climate variability
(22–24).
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Fig. 1. Comparison between observed and reconstructed eddy density fields. (A) Potential density sec-
tionacrossawarm-core eddyat60.6°N, 52.4°W in theLabradorSeaon 11October2008.Thehorizontal ordinate
is the distance to the eddy center, and the vertical ordinate is depth. Colored shades denote the reconstructed
density field,with white curves representing the isopycnals at 27.65 kgm−3, 27.70 kgm−3, and 27.75 kgm−3.The
corresponding isopycnal surfaces fromthemooringobservationsare indicatedbyblackcurves (25). (B)Potential
density section across a cold-core eddy at 15.5°N, 61.5°E in the Arabian Sea on 30 November 1994.White and
black contours denote the isopycnals at 24.5 kg m−3, 25.5 kg m−3, and 26.0 kg m−3. (C) Comparison of the
reconstructed isopycnal displacement with the observations at the eddy centers. Blue circles represent the
27.7 kg m−3 isopycnal displacement of 12 eddies observed in the Labrador Sea. Black squares represent
the 26.0 kg m−3 isopycnal displacement of three eddies observed in the Arabian Sea. Red triangles
represent the 27.4 kg m−3 isopycnal displacement of two eddies observed in the Kuroshio Extension (15).

Fig. 2. 3D structures of trapped fluid by mesoscale eddies and PVdistributions on representative
isopycnals. (A) PV contours on three isopycnal surfaces of a warm-core eddy identified by the altimetry
data at 30.1°N, 150.1°E in the subtropical North Pacific on 25May 2005.The sea-level anomaly at the eddy
center is 12 cm. The shape and depth of isopycnals are represented by the 3D surfaces. The potential
densities of the upper, middle, and lower isopycnals are 23.35 kg m−3, 26.59 kg m−3, and 27.48 kg m−3,
respectively. PV distribution on the isopycnal is depicted by colored contours. The transparent black
surface, defined by the outmost closed PVcontours, signifies the boundary of fluid trapped by this warm-
core eddy. (B) Same as (A) except for a cold-core eddy identified by the altimetry data at 30.7°N, 151.0°E in
the subtropical North Pacific on 25 May 2005. The sea-level anomaly at the eddy center is –14 cm. The
depicted isopycnal surfaces are 23.99 kg m−3, 26.75 kg m−3, and 27.56 kg m−3, respectively.
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It is worth noting that there exist no strong
currents in many regions with large westward
eddy-induced transport identified in Fig. 3A.
Equally important, the eddy-induced transports
can penetrate to the depth below the main ther-
mocline, where the wind-driven circulation is gen-
erally weak. In these regions and depth ranges
without strong background circulation, the meso-
scale eddies can dominate the transport of heat,
fresh water, and dissolved carbons and other bio-
geochemical tracers, which are important for un-
derstanding long-term climate change.
In climate models that simulate global warm-

ing scenarios, the transport by oceanicmesoscale
eddies is generally underestimated and/or im-
properly resolved because of their coarse grid
resolution. As the model resolution increases
with enhanced computing power,mesoscale eddies
will be progressively resolved by future climate
models, and the impact of the eddy-induced tran-
sportwill probably emerge. Thismakes the task of
establishing proper theories about eddy-induced
transport particularly important and urgent.
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Fig. 4. Global distribution of the meridional
transport of fluid trapped by mesoscale eddies.
(A) Eddy-induced meridional transport through a
zonal cross-section per degree of longitude. (B) Dis-
tribution of the total zonal-integrated meridional
transport inducedbyeddies as a function of latitude.
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Fig. 3. Global distribution of the zonal trans-
port of fluid trapped by mesoscale eddies. (A)
Eddy-induced zonal transport through meridional
cross section per degree of latitude. The figure is
based on the statistical average of eddy propaga-
tion speed and trapped fluid volume (15). (B) Dis-
tribution of the total meridionally integrated zonal
transport induced by eddies as a function of longi-
tude. The solid blue curve represents the westward
transport and the solid red curve represents the east-
ward transport, computed by integrating the zonal
transports in (A) from 80°S to 80°N. The dashed
blue curve represents integrated total transport
north of 40°S, and the dashed red curve represents
integrated total transport south of 40°S.
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FOOD SECURITY

Leverage points for improving global
food security and the environment
Paul C. West,1* James S. Gerber,1 Peder M. Engstrom,1 Nathaniel D. Mueller,2

Kate A. Brauman,1 Kimberly M. Carlson,1 Emily S. Cassidy,3 Matt Johnston,1

Graham K. MacDonald,1 Deepak K. Ray,1 Stefan Siebert4

Achieving sustainable global food security is one of humanity’s contemporary challenges.
Here we present an analysis identifying key “global leverage points” that offer the best
opportunities to improve both global food security and environmental sustainability.
We find that a relatively small set of places and actions could provide enough new calories
to meet the basic needs for more than 3 billion people, address many environmental
impacts with global consequences, and focus food waste reduction on the commodities
with the greatest impact on food security. These leverage points in the global food system
can help guide how nongovernmental organizations, foundations, governments, citizens’
groups, and businesses prioritize actions.

S
ustainably meeting global food demands is
one of humanity’s grand challenges and
has attracted considerable attention in the
past few years (1–7). However, there have
been few attempts to systematically test

the effectiveness of potential strategies and iden-
tify where to target different proposed solutions.
In particular, finding whether proposed solu-
tions can truly scale to the global scope of the
problem remains a challenge.
In this study, we aimed to identify a small set

of regions, crops, and actions that provide strat-
egic global opportunities to increase yields, re-
duce the environmental impact of agriculture,
and deliver food more efficiently from what is al-
ready grown. In order to identify these “leverage
points” where interventions would have a high
global impact in one or more of the three cat-
egories, we used recently published geospatial
data and models to analyze how specific issues
at the nexus of agriculture and the environment
vary across the globe.
We focused our analysis on 17 key global crops

(table S1), composing the 16 highest-calorie–
producing crops consumed as food, as well as
cotton, because of its intensive water and nu-
trient use. These 17 crops cover 58% of the global
cropland area harvested and produce 86% of the
world’s crop calories. They also account for most
resource use on croplands: 95% of irrigated area,
92% of irrigation water consumption, and ~70%
of all nitrogen and phosphorus application. The
percentages in themain text are all relative to the
17 major crops. Additional details for individual
crops and methods are provided in the supple-
mentary materials (8).
One goal for achieving future food security is

to grow more food on the existing land base in

ways that limit additional pressure on natural
ecosystems (9–11). Current yields are 50% below
realistically attainable potentials in many regions
of the world (3, 12). This difference between the
current and attainable yields is commonly referred
to as the “yield gap” (3, 9). To assess possible pro-
duction increases on existing croplands, we calcu-
lated the yield gap using previously developed
methods (3, 13). Increasing yields in low-performing
areas by closing the yield gap to 50% of attainable
yields (Fig. 1) could increase total production by
358megatons per year [8.5 × 1014 kilocalories (kcal)]
(table S2, A and B), which is enough calories to
meet the basic needs of ~850 million people.
These potential gains from closing the yield

gap to 50% are not evenly distributed. For ex-
ample, half of these potential gains are concen-

trated in only ~5% of the total harvested area for
these crops. Approximately 92% of these gains
(4.3 × 1014 kcal) are in Africa (43%), Asia (29%),
and Europe (mainly eastern) (20%) (table S2C).
Maximizing calorie gains is essential for improved
food security, but nutrition, access, and cultural
preferences must also be addressed. Further, the
yield gap estimates are based on current yield
and climate conditions. Climate change will gen-
erally decrease mean yields (14) and thus prob-
ably also change the magnitude and possibly the
location of leverage points.
Although humanity needs to produce more

food to meet future demand, agriculture is the
major driving force on the planet for greenhouse
gas (GHG) emissions (7, 15), water quality degra-
dation from soil loss and nutrient runoff (16), and
water use (17). Prioritizing a small set of leverage
points could greatly increase the efficiency and
sustainability of food production.
Agriculture accounts for 20 to 35% of global

GHG emissions (7, 15). The largest sources of
agricultural GHGs are carbon dioxide (CO2) from
tropical deforestation, methane (CH4) from live-
stock and rice production, and nitrous oxide (N2O)
from nutrient additions to croplands (7, 15).
The bulk of GHG emissions from croplands are
concentrated in just a few countries. Approximately
51% of 2000–2012 tropical deforestation (in areas
with >50% tree canopy cover) occurred in Brazil
(34%) and Indonesia (17%) (18). Deforestation in
these countries is linked mainly to timber, cattle,
and soy production in Brazil (19) and oil palm and
woodplantations in Indonesia (20). Similarly,meth-
ane emissions from rice cultivation are produced
mainly in China (29%) and India (24%) (21).
For N2O, we estimated the distribution of emis-

sions from major crops using the Intergovern-
mental Panel on Climate Change Tier 1 approach
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Fig. 1. Increasing crop production from closing the yield gaps to 50% of potential yields. Increasing
yields to 50% of the potential yield in all low-performing areas could increase annual production by 8.46 × 1014

kcal, which is enough to meet the basic caloric requirements of ~850 million people. Further, half of these
potential gains (4.2× 1014 kcal) are concentrated inonly5%of theharvestedarea for the 17cropsanalyzedhere.
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(22), with data sets of global fertilizer and ma-
nure use, atmospheric nitrogen deposition, and
crop nitrogen fixation (8). We find that China,
India, and theUnited States contribute 56%of all
N2O emissions from croplands, with 28% coming
from China alone. Three crops (wheat, maize, and
rice) account for 68% of global N2O emissions
from the 17major crops analyzed here (table S3A).
These results highlight the fact that agriculture’s
biogeochemical influence on global climate is not
evenly distributed and that there are several key
leverage points for reducing GHG emissions. For-
tunately, regional efforts have been effective at
reducing CO2 from deforestation (23), and simi-
lar strategies are proposed for reducing N2O and
CH4 in other regions (15, 24).
Although nutrient inputs on farmland are

needed to grow crops, nutrient loss from agri-
cultural areas is a major source of pollution for
freshwater and coastal ecosystems (16). We esti-
mated the amount of excess nutrient application
(defined as the difference between rates of nu-
trient input versus nutrient removal from plant
harvesting) for the 17 major crops using a simple
nutrient mass balance model and spatial data
sets for each of the nutrient inputs and outputs
(8). Across the 17 crops, we find that ~60% of
nitrogen and ~48% of phosphorus inputs are in
excess (table S3, A and B, and fig. S2).
Excess nutrients are not evenly distributed

across regions or crops. We find that ~50% of the
excess nitrogen and phosphorus is concentrated
in only 24% and 21% of the world’s cropland
area, respectively. China, India, and the United
States together account for ~64 to 66% of excess
nitrogen and phosphorus (Fig. 2 and fig. S2).
Furthermore, rice, wheat, and maize alone are

responsible for ~58 to 60% of the excess nitrogen
and phosphorous of the 17 crops we analyzed
globally. Using a yield-response model (13), we
estimate that nitrogen and phosphorus applied
to wheat, rice, and maize could be reduced by 14
to 29% and 13 to 22%, respectively, while main-
taining current yields (table S3). Targeting reduc-
tions in fertilizer use to a small set of crops and
countries could therefore have a large effect on
global nitrogen and phosphorus pollution. Fur-
ther efficiency gains are possible by altering the
timing, placement, and type of fertilizer (25).
Irrigation accounts for ~70% of global water

withdrawals and ~90% of water consumption
and is frequently a driver of water stress (17).
To identify hot spots of irrigation use, we used
spatially explicit, crop-specific irrigation data
(6). We restricted the analysis to precipitation-
limited areas, defined here as places where po-
tential evapotranspiration exceeds precipitation.
We find that India, Pakistan, China, and the

United States account for 72% of all irrigation
water used in precipitation-limited areas, with
India alone accounting for 36% (fig. S3) (8).
However, water productivity varies widely among
countries. For example, although China con-
sumes 13% of irrigation in precipitation-limited
areas, it is responsible for just 2% of irrigation
consumption in systems with very low water
productivity (below the 20th percentile). Rais-
ing very low water productivity in precipitation-
limited regions up to the 20th percentile has
the potential to decrease water consumption by
about 8 to 15% while keeping food production
constant (26).
Relative to the 17 major crops, rice and wheat

together cover 63% of the total irrigated area and

consume 59% of irrigation water globally. Cot-
ton, maize, and sugarcane use an additional 30%
of total irrigation water. Despite covering only 3%
of cropland area globally, sugarcane and cotton
are the most water-intensive crops, with mean
irrigation water consumption that is 2.4 and 1.6
times, respectively, the amount used for each hec-
tare of wheat (table S4).
Meat anddairy consumption is increasing glob-

ally and generally increases with wealth (11, 27).
Between 1961 and 2009, the percentage of calo-
ries from crop production consumed as food
decreased from 57 to 51% (fig. S4). Although
crops used for animal feed ultimately produce
human food in the form of meat and dairy pro-
ducts, they do so with a substantial loss of caloric
efficiency. If current crop production used for
animal feed and other nonfood uses (including
biofuels) were targeted for direct consumption,
~70% more calories would become available, po-
tentially providing enough calories to meet the
basic needs of an additional 4 billion people
(28). The human-edible crop calories that do
not end up in the food system are referred to as
the “diet gap.”
Usingmethods described in Cassidy et al. (28),

Food and Agriculture Organization (FAO) Food
Balance Sheets (29), and crop production data
(30), we estimate that the United States, China,
Western Europe, and Brazil account for 26, 17, 11,
and 6% of the global diet gap, respectively (fig.
S5). Changing crop allocation to directly feed
people in these four regions alone could provide
enough calories to meet the basic needs of 2.4
billion people. Maize represents the largest po-
tential gain, accounting for 41% of the global diet
gap. Maize in the United States accounts for 19%
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Fig. 2. Leverage points to reduce agriculture’s effect on climate, water quality, and water consumption.The majority of global environmental effects of
agriculture are in a few countries, driven by a few commodities. All nutrient and irrigation values are relative to the 17 major crops in this study. Figures S1 to
S3 provide maps of N2O emissions, nutrient input and excess, and water consumption, respectively. Irrigation consumption is relative only to precipitation-
limited areas.
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of the global diet gap, which is enough calories
for 760million people;maize in China represents
9% of the diet gap. Although the diet gap presents
opportunities to improve food security, cultural
preferences and political obstacles create large
challenges to reducing meat as well as over-
consumption. However, adapting how these crops
are used could provide short-term relief and serve
as a safety net or release valve in years with high
production losses from weather or pests.
Anothermajor opportunity for increasing crop

availability is to reduce food waste. Approxi-
mately ~30 to 50% of food production is wasted
(31). Several broad strategies are recommended
for reducing waste along different points in
the supply chain, but they provide little in-
sight into the relative impact of waste among
food groups. For example, we estimate that wast-
ing 1 kg of boneless beef has ~24 times the effect
on available calories as wasting 1 kg of wheat
(~98,000 kcal versus ~3800 to 4125 kcal), because
of inefficiencies in converting feed to animal
calories and protein (8). Wasting 1 kg of other
animal products, such as poultry and pork, has a
less dramatic effect on edible calorie losses.
This analysis applies only to animals raised in
feedlot systems.
We compared consumer food waste in the

United States, China, and India to illustrate the
connections among waste, diet, and crop yields.
Per-capita food losses range from <3 kcal per
person day−1 for pork or vegetables in India to as
much as 290 kcal per person day−1 for beef in the
United States (Table 1). Consequently, the land
base required to support this waste is ~7 to 8
times greater in the United States than in India.
Curbing consumer waste of major food crops

(i.e., wheat, rice, and vegetables) and meats (i.e.,
beef, pork, and poultry) in these three countries
alone could feed ~413million people year−1 if the
feed calories embodied in meat are included (8).
This illustration demonstrates that small changes
in the consumption andwaste of animal products
could have a large effect on available calories.
The challenges and opportunities for improv-

ing global food security and the environment
are not evenly distributed across the globe. The
analyses here illustrate, in principle, what is pos-
sible and where to focus such possible actions.
Local and regional successes in any of these lev-
erage points can have national or global impact,
and provide examples of increasing food produc-
tion, reducing deforestation, andmanaging water
and nutrientsmore efficiently. Additional analysis
is needed to estimate how the leverage points
identified heremay change in response to changes
in climate, diet, technology, andmarkets. Although
this large-scale analysis is useful for identifying
the major leverage points to create a more sus-
tainable food system, there are many other re-
gional and global factors that would need to be
included toaddress foodsecurity andenvironmental
sustainability—and the tradeoffs among the many
ecosystem services in agricultural landscapes—
more holistically.
More work is needed for the widespread adop-

tion of best practices by adapting current suc-
cessful approaches to local socioeconomic and
environmental conditions, within the context of
a changing climate. Fortunately, many institu-
tions, includingNGOs, foundations, governments,
citizens’ groups, and businesses, are committed
to improving global and local food security while
reducing environmental harm. The leverage points

presented here represent a relatively small set of
regions, crops, and actions that could provide
additional food to a growing world, as well as
address a sizeable fraction of agriculture’s global
environmental impact.
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Table 1. Calories lost to consumer food waste and associated land requirements for key food commodities in the United States, India, and China.

Food
Calorie supply (29)

(kcal per capita day−1)
Consumer food waste (31)

(% and kcal
per capita day−1)

Embodied feed
in calorie waste

(kcal per capita day−1)

Harvested area required
to support waste

(m2 per capita year−1)

United States 3688*
Wheat and rice 693 27% (187) – 65
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Pork 132 11% (15) 136 21
Poultry 193 11% (21) 199 31
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ALTERNATIVE SPLICING

Human tRNA synthetase catalytic
nulls with diverse functions
Wing-Sze Lo,1,2 Elisabeth Gardiner,3,4 Zhiwen Xu,1,2 Ching-Fun Lau,1,2 Feng Wang,1,2

Jie J. Zhou,1,2 John D. Mendlein,4 Leslie A. Nangle,4 Kyle P. Chiang,4 Xiang-Lei Yang,1,3

Kin-Fai Au,5 Wing Hung Wong,6 Min Guo,7 Mingjie Zhang,1,8 Paul Schimmel1,3,7*

Genetic efficiency in higher organisms depends on mechanisms to create multiple
functions from single genes. To investigate this question for an enzyme family, we chose
aminoacyl tRNA synthetases (AARSs). They are exceptional in their progressive and
accretive proliferation of noncatalytic domains as the Tree of Life is ascended. Here we
report discovery of a large number of natural catalytic nulls (CNs) for each human AARS.
Splicing events retain noncatalytic domains while ablating the catalytic domain to
create CNs with diverse functions. Each synthetase is converted into several new signaling
proteins with biological activities “orthogonal” to that of the catalytic parent. We suggest
that splice variants with nonenzymatic functions may be more general, as evidenced by
recent findings of other catalytically inactive splice-variant enzymes.

A
minoacyl tRNA synthetases (AARSs) estab-
lish the genetic code by esterifying specific
amino acids to the 3′ ends of their cognate
tRNAs (1–5) and have adaptations of this
reaction for specific physiological responses

(6). A few literature examples show that natural
proteolysis or alternative splicing of AARS can
reveal previously unknown AARS proteins (7, 8)
with new functions (9–11). With this in mind, we
investigated potential mechanisms for achieving

genetic efficiency through functional expansions.
The enzymes are divided into two classes of 10
proteins each, with each class being defined by
the architecture of the highly conserved catalytic
domain (CD) that is retained through evolution
(12–14). As the Tree of Life is ascended, 13 new
domains, which have no obvious association
with aminoacylation or editing, have collectively
been added to AARSs and maintained over the
course of evolution, with no appreciable benefit
or detriment to primary function (15–17). The
extent of these domain additions appears to be
particular to AARSs (15). Some of these new do-
mains are appended to each of several synthe-
tases, whereas others are specific to a single
synthetase. Notably, these novel domain addi-
tions are accretive and progressive; and while
their persistence provides no major benefit to
aminoacylation, the strong evolutionary pres-
sure for their retention suggests they are not
random functionless stochastic fusions, butmay be
conserved for a specific biological purpose, perhaps
distinct from the canonical enzymatic function.
We made a comprehensive search for alter-

native splice variants of AARSs to understand
how splicing changes the domain organization

and underlying architecture of each synthetase.
We selectively targeted the AARS family of genes
by enriching the AARS transcriptome in six dis-
tinct human samples [human fetal and adult brain,
primary human leukocytes, and three cultured
leukocyte cell types (Raji B cells, Jurkat T cells,
and THP1monocytes)]. A polymerase chain reac-
tion (PCR)–based gene-capture and enrichment
methodwas integratedwith high-throughput deep
sequencing to increase sequencing depth for each
AARS transcript (materials and methods and
Fig. 1A). This methodology allowed for high en-
richment of AARS mRNAs and mainly targeted
exon-exon junctions for discovery of exon-skipping
events. We defined the AARS transcriptome as
the transcripts of 37 AARS genes, including those
for 17 cytoplasmic synthetases, 17 mitochondrial
synthetases, and 3 that encode both cytoplasmic
and mitochondrial forms. For efficient cap-
ture, transcripts were amplified by multiplex
PCR using AARS gene–specific primers and op-
timized PCR conditions (seematerials andmeth-
ods). Sensitive detection of low-abundance splice
variants was achieved with an optimized multi-
plex PCR that amplified gene regions close to
exon-exon junctions of AARS transcripts and
produced short PCR fragments (Fig. 1A). Frag-
ments were assembled into cDNA libraries and
sequenced by high-throughput deep sequencing
(18, 19).
Approximately 42 million 50-base reads were

obtained and analyzed, using established meth-
ods (19). About 70% (30.4million) mapped to the
37 AARS genes, and about two-thirds of the
AARS-specific reads (21.4 million) covered AARS
exon-exon junctions.When compared to previously
published whole-transcriptome studies (20, 21),
the AARS transcriptome enrichmentmethod em-
ployed here successfully improved sequencing
depth so that we could detect all of the 61 pre-
viously reported exon-exon junctions for AARS
transcripts, as well as identify 248 previously un-
reported junctions (Fig. 1B and table S1). These
new splice forms allowed for the ablation of spe-
cific coding regions and simultaneous creation of
new exon-exon junctions.
In addition, the tissue origin and the overlap

of AARS splice variants in different tissues were
examined. Although there was obvious tissue
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ALTERNATIVE SPLICING

Human tRNA synthetase catalytic
nulls with diverse functions
Wing-Sze Lo,1,2 Elisabeth Gardiner,3,4 Zhiwen Xu,1,2 Ching-Fun Lau,1,2 Feng Wang,1,2

Jie J. Zhou,1,2 John D. Mendlein,4 Leslie A. Nangle,4 Kyle P. Chiang,4 Xiang-Lei Yang,1,3

Kin-Fai Au,5 Wing Hung Wong,6 Min Guo,7 Mingjie Zhang,1,8 Paul Schimmel1,3,7*

Genetic efficiency in higher organisms depends on mechanisms to create multiple
functions from single genes. To investigate this question for an enzyme family, we chose
aminoacyl tRNA synthetases (AARSs). They are exceptional in their progressive and
accretive proliferation of noncatalytic domains as the Tree of Life is ascended. Here we
report discovery of a large number of natural catalytic nulls (CNs) for each human AARS.
Splicing events retain noncatalytic domains while ablating the catalytic domain to
create CNs with diverse functions. Each synthetase is converted into several new signaling
proteins with biological activities “orthogonal” to that of the catalytic parent. We suggest
that splice variants with nonenzymatic functions may be more general, as evidenced by
recent findings of other catalytically inactive splice-variant enzymes.

A
minoacyl tRNA synthetases (AARSs) estab-
lish the genetic code by esterifying specific
amino acids to the 3′ ends of their cognate
tRNAs (1–5) and have adaptations of this
reaction for specific physiological responses

(6). A few literature examples show that natural
proteolysis or alternative splicing of AARS can
reveal previously unknown AARS proteins (7, 8)
with new functions (9–11). With this in mind, we
investigated potential mechanisms for achieving

genetic efficiency through functional expansions.
The enzymes are divided into two classes of 10
proteins each, with each class being defined by
the architecture of the highly conserved catalytic
domain (CD) that is retained through evolution
(12–14). As the Tree of Life is ascended, 13 new
domains, which have no obvious association
with aminoacylation or editing, have collectively
been added to AARSs and maintained over the
course of evolution, with no appreciable benefit
or detriment to primary function (15–17). The
extent of these domain additions appears to be
particular to AARSs (15). Some of these new do-
mains are appended to each of several synthe-
tases, whereas others are specific to a single
synthetase. Notably, these novel domain addi-
tions are accretive and progressive; and while
their persistence provides no major benefit to
aminoacylation, the strong evolutionary pres-
sure for their retention suggests they are not
random functionless stochastic fusions, butmay be
conserved for a specific biological purpose, perhaps
distinct from the canonical enzymatic function.
We made a comprehensive search for alter-

native splice variants of AARSs to understand
how splicing changes the domain organization

and underlying architecture of each synthetase.
We selectively targeted the AARS family of genes
by enriching the AARS transcriptome in six dis-
tinct human samples [human fetal and adult brain,
primary human leukocytes, and three cultured
leukocyte cell types (Raji B cells, Jurkat T cells,
and THP1monocytes)]. A polymerase chain reac-
tion (PCR)–based gene-capture and enrichment
methodwas integratedwith high-throughput deep
sequencing to increase sequencing depth for each
AARS transcript (materials and methods and
Fig. 1A). This methodology allowed for high en-
richment of AARS mRNAs and mainly targeted
exon-exon junctions for discovery of exon-skipping
events. We defined the AARS transcriptome as
the transcripts of 37 AARS genes, including those
for 17 cytoplasmic synthetases, 17 mitochondrial
synthetases, and 3 that encode both cytoplasmic
and mitochondrial forms. For efficient cap-
ture, transcripts were amplified by multiplex
PCR using AARS gene–specific primers and op-
timized PCR conditions (seematerials andmeth-
ods). Sensitive detection of low-abundance splice
variants was achieved with an optimized multi-
plex PCR that amplified gene regions close to
exon-exon junctions of AARS transcripts and
produced short PCR fragments (Fig. 1A). Frag-
ments were assembled into cDNA libraries and
sequenced by high-throughput deep sequencing
(18, 19).
Approximately 42 million 50-base reads were

obtained and analyzed, using established meth-
ods (19). About 70% (30.4million) mapped to the
37 AARS genes, and about two-thirds of the
AARS-specific reads (21.4 million) covered AARS
exon-exon junctions.When compared to previously
published whole-transcriptome studies (20, 21),
the AARS transcriptome enrichmentmethod em-
ployed here successfully improved sequencing
depth so that we could detect all of the 61 pre-
viously reported exon-exon junctions for AARS
transcripts, as well as identify 248 previously un-
reported junctions (Fig. 1B and table S1). These
new splice forms allowed for the ablation of spe-
cific coding regions and simultaneous creation of
new exon-exon junctions.
In addition, the tissue origin and the overlap

of AARS splice variants in different tissues were
examined. Although there was obvious tissue
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specificity for certain transcripts, many of the
same splice variant transcripts were found across
distinct tissue pools (Fig. 1B). Surprisingly, most
of the splice variants of both class I and class II
family members abrogated the CD (Fig. 2A

and fig. S1). These included both truncations
of N- or C-terminal coding regions, as well as
in-frame internal deletions (Fig. 2B). For in-
stance, 79% of the 66 discovered in-frame splice
variants (Fig. 2C and table S2) had a disrupted

or ablated canonical CD and thereby created a
catalytic null (CN) (Fig. 2B and fig. S1). Because
three-dimensional (3D) structures are available
for many human AARSs and their orthologs,
events that removed entire specific exons could
be diagrammatically portrayed as linear arrange-
ments of domain structure elements (fig. S1).
These virtual structures suggest that the new
domain-domain interactions created by internal
deletions might engender new structural confor-
mations [compare (22)] and thereby might lead
to new interactions.
As specific examples, all eight in-frame splice

variants of HisRS showed an ablated CD, and
only one of the six in-frame splice variants of
TyrRS retained the CD (Fig. 2B and table S2).
In contrast to the consistent abrogation of the
canonical CD, 60 of the 70 in-frame splice var-
iants (85%) are CNs that retain at least one of the
13 added domains appearing in the AARSs of
higher eukaryotes (Fig. 2B and table S2). Of par-
ticular interest are the UNE domains, which are
specific to AARSs and have, like the other ap-
pended domains, no notable aminoacylation func-
tion. The UNE domains are almost universally
retained in the CNs (Fig. 2B and fig. S1). An in-
teresting case, suggesting a noncanonical role for
the CNs, is the retention of the UNE-S domain of
SerRS. Recentwork established a nuclear activity
for SerRS that is dependent on the UNE-S do-
main and showed that the addition of UNE-S
to SerRS was essential for development of the
closed circulatory systems of vertebrates (23).
Motifs found in other proteins of higher eukar-
yotes, such as the glutathione S-transferase domain
(GST)-, single-helix–, WHEP [named for discov-
ery in TrpRS (W), HisRS(H), GluProRS (EP)]-,
and endothelial monocyte-activating polypep-
tide II (EMAPII)-like-domain, also remain intact
in many of the AARS CN splice variants (fig. S1
and table S2).
The tissue-specific association of transcripts

suggested that AARS mRNA splice variants en-
code endogenously expressed proteins. To explore
this possibility, we examined polysome association
of the splice variant–encoding mRNAs [mate-
rials and methods as described in (24)]. Of the
48 CN mRNAs tested, all were associated with
polysomes in naïve Jurkat cells (fig. S2 and
table S3). AARS-specific antibodies probed the
same Jurkat cell lysates that were used for de-
tecting polysome association of the mRNAs. To
detect endogenous translation products of the
CN splice variant transcripts, we performedWest-
ern blot analysis with antibodies specific for
AlaRS, CysRS, LysRS, TyrRS, and ValRS (Fig. 3A
and table S4). These synthetase fragments were
chosen based on the availability of suitable anti-
bodies for immunoprecipitation. ByWestern blot
analysis, we detected the expected endogenous
AARS splice forms that lacked CDs but retained
appended domains (Fig. 3A). Mass spectrometry
identified specific GlnRS, ValRS, and TyrRS CN-
sized fragments, andmultiple peptides were iden-
tified for all of these CNs (fig. S3A). In addition
to finding representative peptides from these
CNs, we found no support for the possibility of
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Fig. 1. Identification of AARS splice variants and assays for their functions. (A) AARS transcriptome
discovery and analysis funnel. The AARS transcriptome was amplified by gene-specific multiplex PCR and
sequenced by high-throughput deep sequencing. Sequencing reads were then mapped to the AARS
transcriptome for identification of exon-skipping events and alternative splice sites. Products of this effort
were submitted to various analyses. Regulation and functions of the identified AARS splice variants were
studied in the context of their distribution across various human tissues, through identification of the
endogenously expressed protein products, and the effects of expressed protein products on cells in a diverse
set of in vitro cell-based assays. (B) TheVenn diagram in the center shows the total number of exon-skipping
junctions that were identified by RNA sequencing and by “exon-flanking” PCR in fetal and adult brain tissues
(orange circle) and in immune cells that include primary total leukocytes and three different cultured
leukocytic cell types (blue circle). In the diagramon the left, the light pinkcircle annotates the numberof exon-
skipping junctions identified in fetal brain, while the light orange circle shows those found in adult brain.The
diagramon the right gives thenumberof identified exon-skipping junctions in the three cultured leukocytic cell
types (Raji B cells, Jurkat Tcells, and THP1 monocytes) (light blue) and in primary leukocytes (pale green).
Overlapping areas give the number of splice junctions that were common between tissues or cells. The
numbers in square brackets give the total new alternative splice junctions identified in each respective tissue.
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proteolytic cleavage of full-length TyrRS giving
rise to its assigned CNpeptides (legend to fig. S3A).
In a separate experiment, we identified a 23-kD
protein as HisRS1-C9 in the public PROTOMAP
mass spectrometry (MS) database (25).We aligned
MS-scored peptides on both sides of the sequence
encompassing the splice junction reported here
for HisRS1-C9 (fig. S3B). Finally, in vitro trans-
lation of a copy of themRNA encoding an endog-
enouslyexpressedTyrRS1-C7splicevariant (identified
by Western blot analysis of whole-cell lysates as
shown in Fig. 3) confirmed that the transcripts
could be stably translated into proteins (fig. S3C).
MS confirmed peptides on both sides of the in-
ternal splice junction.
We observed tissue-specific expression of spe-

cific CNs. Across 19 human adult tissues or cells,

38 of 48 CN transcripts (79%) were differentially
expressed with gene up-regulation (by five times
or more of median) in at least one of the tissues,
whereas the full-length parent AARS genes were
evenly distributed (table S3). We also found that
some CN transcripts were expressed differen-
tially in one developmental stage over another.
For example, six specific CNs were highly ex-
pressed (by 10-fold or more) in adult versus fetal
lung tissue. These included ArgRS1-AS01, CysRS1-
AS04, MetRS1-AS13, SerRS1-AS02, ThrRS1-AS05,
and TyrRS1-AS10 (Fig. 3B and table S3).
Because the splice-variant mRNAs prominent-

ly ablate the CD-encoding portion, we sought to
investigate the potential for these fragments to
exert biological activities distinct from the canon-
ical aminoacylation function. To this end, recom-

binant human AARS fragments, including CNs,
were expressed as soluble proteins and purified
to >95% homogeneity. Phenotypic cell-based as-
says were performed largely in primary human
cells to monitor potential biological activities
(fig. S4 and table S5). The assay types were clus-
tered into assay groups (Fig. 4), including pro-
liferation (different cell types were profiled for
effects of splice variants on proliferation or cell
death), cytoprotection, immunomodulation, acute
inflammatory response, transcriptional regula-
tion (four assays in two cell types at two dis-
tinct time points across a set of 88 genes),
“regenerative responses,” cell differentiation in
primary human cell types and, finally, cholesterol
transport. All assays were run at minimum in
duplicate for each protein, and many proteins
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Fig. 2. Most AARS splice variants are catalytic nulls. (A) Architectures of
the CDs for aminoacylation—class I versus class II. The conserved core
Rossmann fold is represented on the structure of MetRS [Protein Data Base
(PDB) code: 2CT8] (33) in class I, and the conserved core 7 b strand with
motif-3 helix is represented on the structure of LysRS (PDB: 4DPG) (34) in
class II. (B) In-frame splice variants of cytoplasmic AARS are illustrated.
Splice variants with CDs deleted (catalytic nulls) are highlighted in red

whereas those with CDs retained are represented in blue. (C) The CD is
abrogated in most AARS splice variants. By contrast, domains that have
functions distinct from aminoacylation are predominantly retained. Of note,
the UNE domains [such as UNE-S, and UNE-L; abbreviated as S and L,
respectively, in (B)], which constitute part of the “Appended Domain” cat-
egory and are idiosyncratic to specific synthetases, are retained in the AARS
splice variants identified here.
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were run in multiple batches, and at a range of
concentrations, to confirm activity. All proteins
were generated asHis-tagged recombinant forms,
with either theN or C termini, or both, having the
tag (table S6). Full-length forms of AspRS, TyrRS,
HisRS, and AsnRS synthetases were expressed
in parallel and run in assays as controls for the
expressed synthetase fragments. In all cases, the
full-lengthparental formwas either inactive across

all assays or had a single activity that was not the
same as any of its splice variants.
More than 100,000 data points were evaluated

across the cell-based assay panel (fig. S4). Of the
94 AARS-derived proteins analyzed here, 88%
tested positive for one or more biological ac-
tivities. The cell-based activities associated with
each recombinant protein were specific and idio-
syncratic to the variant. This observation pro-

vided a system-wide “internal control,” largely
ruling out the potential for nonspecific readouts
of cell signaling by the various proteins. MetRS1-
C5 is presented as a specific example. This CN
strongly stimulated skeletal muscle fiber forma-
tion in vitro (fig. S5). After exposure to the re-
combinant MetRS1-C5 for 2 days, quantitative
PCR assessment of primary human skeletalmyo-
blasts showed up-regulation of key genes for

SCIENCE sciencemag.org 18 JULY 2014 • VOL 345 ISSUE 6194 331

Fig. 4. Recombinant AARS variants have specific biological activ-
ities across a spectrum of cell-based assays. Proteins were
expressed in Escherichia coli and purified for use in cell-based assays.
Most of the proteins were soluble and highly expressed. The AARS
variants (table S6) were tested in a variety of different cell-based
assays (fig. S4) spanning a range of biological activities, largely using
primary human cells (table S5).

Fig. 3. Detection of endogenous AARS splice
variants. (A) Western blot detection of AARS
splice variants in Jurkat cell lysates. Detailed in-
formation for these splice variants is shown in table
S4. (B) Tissue-specific expression of selected
AARS splice variants in adult and fetal lung tissues.
Gene expression of the target genewasnormalized
by the gene expression of house-keeping genes
(see materials and methods) in the same sample.
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muscle cell differentiation and metabolism, in-
cluding insulin growth factor 1 (IGF1) and lipo-
protein lipase (LPL) (fig. S6).
While deliberately ablating the canonical cat-

alytic function, alternative splicing of the AARS
family of genes has created a large ensemble of
CNs that specifically retain the domain expansions.
The successful expression ofmore than 100 recom-
binant forms as soluble proteins suggests that
splice-site selection has been tailored to create
stable folded structures. The canonical function
and structure of the ancient aminoacyl tRNA syn-
thetase CD are strongly preserved throughout all
taxa, which makes the ablation of this essential
domain (for aminoacylation) especially provocative.
The paradox of strongly conserved noncatalytic
domains progressively added to AARSs protein
structure over the course of evolution appears to
be at least in part an evolutionary reshaping of
tRNA synthetases for other functions.
Although splice variants of other proteins also

exist, it is the extent of these novel domain ad-
ditions specifically to AARSs, and their retention
by the CNs, that make the AARSs splice variants
distinct. Possibly, functional expansion of AARSs
was to link translation at the first step of protein
synthesis to a variety of cell signaling pathways.
Recent studies have demonstrated roles for spe-
cific AARSs in pathways associated with angio-
genesis (9, 26–28), inflammation (29, 30), the
immune response,mammalian target of rapamycin
(mTOR) signaling, apoptosis, tumorigenesis, and
interferon-g (IFN-g) and p53 signaling (15). The
work detailed here suggests that the universe of
AARS-derived entities, which are active for non-
translational functions, may be far greater than
anticipated. The mechanism of erasing the canon-
ical function, while adding noncatalytic domains,
engenders a clear implementation of orthogonal
functions. Members of other enzyme families,
though perhaps to a lesser extent, likely also gain
new functions through splice variants. The recent-
ly reported catalytically impaired natural splice
variants of several oncogenic kinases (31) and
of the sirtuin-2 (SIRT2) histone deacetylase (32)
suggest that other enzyme families have under-
gone similar, though perhaps less extensive,
variation.
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Accurate chromosome segregation during mitosis requires the physical separation of sister
chromatids before nuclear envelope reassembly (NER). However, how these two processes are
coordinated remains unknown. Here, we identified a conserved feedback control mechanism
that delays chromosome decondensation and NER in response to incomplete chromosome
separation during anaphase. A midzone-associated Aurora B gradient was found to monitor
chromosome position along the division axis and to prevent premature chromosome
decondensation by retaining Condensin I. PP1/PP2A phosphatases counteracted this gradient
and promoted chromosome decondensation and NER.Thus, an Aurora B gradient appears to
mediate a surveillance mechanism that prevents chromosome decondensation and NER until
effective separation of sister chromatids is achieved.This allows the correction and
reintegration of lagging chromosomes in the main nuclei before completion of NER.

T
he formation of a nuclear envelope that
compartmentalizes genomic DNA involves
the recruitment of membranes around
the decondensing chromatin and insertion
of nuclear pore complexes (NPCs) at the

anaphase-telophase transition ofmitosis (1). How-
ever, it is unknown how cells coordinate nuclear
envelope reassembly (NER) with the spatial sep-
aration of chromosomes during anaphase. Here,
we found that the spindle elongation velocity and
the respective duration of anaphase inDrosophila
S2 cells were inversely correlated, which sug-
gested that incomplete chromosome separation
in spindles that elongate more slowly is com-
pensated by increasing anaphase duration (fig.

S1, A to C). Pharmacological or RNA interference
(RNAi)–based attenuation of spindle elongation
velocity also correlated with an increase in
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muscle cell differentiation and metabolism, in-
cluding insulin growth factor 1 (IGF1) and lipo-
protein lipase (LPL) (fig. S6).
While deliberately ablating the canonical cat-

alytic function, alternative splicing of the AARS
family of genes has created a large ensemble of
CNs that specifically retain the domain expansions.
The successful expression ofmore than 100 recom-
binant forms as soluble proteins suggests that
splice-site selection has been tailored to create
stable folded structures. The canonical function
and structure of the ancient aminoacyl tRNA syn-
thetase CD are strongly preserved throughout all
taxa, which makes the ablation of this essential
domain (for aminoacylation) especially provocative.
The paradox of strongly conserved noncatalytic
domains progressively added to AARSs protein
structure over the course of evolution appears to
be at least in part an evolutionary reshaping of
tRNA synthetases for other functions.
Although splice variants of other proteins also

exist, it is the extent of these novel domain ad-
ditions specifically to AARSs, and their retention
by the CNs, that make the AARSs splice variants
distinct. Possibly, functional expansion of AARSs
was to link translation at the first step of protein
synthesis to a variety of cell signaling pathways.
Recent studies have demonstrated roles for spe-
cific AARSs in pathways associated with angio-
genesis (9, 26–28), inflammation (29, 30), the
immune response,mammalian target of rapamycin
(mTOR) signaling, apoptosis, tumorigenesis, and
interferon-g (IFN-g) and p53 signaling (15). The
work detailed here suggests that the universe of
AARS-derived entities, which are active for non-
translational functions, may be far greater than
anticipated. The mechanism of erasing the canon-
ical function, while adding noncatalytic domains,
engenders a clear implementation of orthogonal
functions. Members of other enzyme families,
though perhaps to a lesser extent, likely also gain
new functions through splice variants. The recent-
ly reported catalytically impaired natural splice
variants of several oncogenic kinases (31) and
of the sirtuin-2 (SIRT2) histone deacetylase (32)
suggest that other enzyme families have under-
gone similar, though perhaps less extensive,
variation.
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Accurate chromosome segregation during mitosis requires the physical separation of sister
chromatids before nuclear envelope reassembly (NER). However, how these two processes are
coordinated remains unknown. Here, we identified a conserved feedback control mechanism
that delays chromosome decondensation and NER in response to incomplete chromosome
separation during anaphase. A midzone-associated Aurora B gradient was found to monitor
chromosome position along the division axis and to prevent premature chromosome
decondensation by retaining Condensin I. PP1/PP2A phosphatases counteracted this gradient
and promoted chromosome decondensation and NER.Thus, an Aurora B gradient appears to
mediate a surveillance mechanism that prevents chromosome decondensation and NER until
effective separation of sister chromatids is achieved.This allows the correction and
reintegration of lagging chromosomes in the main nuclei before completion of NER.

T
he formation of a nuclear envelope that
compartmentalizes genomic DNA involves
the recruitment of membranes around
the decondensing chromatin and insertion
of nuclear pore complexes (NPCs) at the

anaphase-telophase transition ofmitosis (1). How-
ever, it is unknown how cells coordinate nuclear
envelope reassembly (NER) with the spatial sep-
aration of chromosomes during anaphase. Here,
we found that the spindle elongation velocity and
the respective duration of anaphase inDrosophila
S2 cells were inversely correlated, which sug-
gested that incomplete chromosome separation
in spindles that elongate more slowly is com-
pensated by increasing anaphase duration (fig.

S1, A to C). Pharmacological or RNA interference
(RNAi)–based attenuation of spindle elongation
velocity also correlated with an increase in

332 18 JULY 2014 • VOL 345 ISSUE 6194 sciencemag.org SCIENCE

1Chromosome Instability and Dynamics Laboratory, Instituto
de Biologia Molecular e Celular, Universidade do Porto, Rua
do Campo Alegre 823, 4150-180 Porto, Portugal. 2Center for
Mathematics, Universidade do Porto, Rua do Campo Alegre
687, 4169-007 Porto, Portugal. 3Department of Biology,
University of Pennsylvania, Philadelphia, PA 19104, USA.
4Cell Division Unit, Department of Experimental Biology,
Faculdade de Medicina, Universidade do Porto, Alameda
Prof. Hernâni Monteiro, 4200-319 Porto, Portugal.
*These authors contributed equally to this work. †Present address:
Laboratory of Mammalian Cell Biology and Development, Howard
Hughes Medical Institute, The Rockefeller University, New York, NY
10065, USA. ‡Corresponding author. E-mail: maiato@ibmc.up.pt

RESEARCH | REPORTS



anaphase duration (Fig. 1, A to D, and fig. S1, D to
G). A similar response was observed in human
cells (fig. S2, A to C and F to H, and fig. S3, A to
C). NER was also delayed on lagging chromo-
somes andDNAbridges relative to themainnuclei
(Fig. 2, A to C). In most cases (~50%), this
promoted the correction and reintegration of
lagging chromosomes into the main nuclei, and
only a smaller fraction (~20%) formed micro-
nuclei. Thus, the anaphase-telophase transition
in metazoans cannot be explained by a “clock”
model that is set at the onset of anaphase but
must take into account the effective separation of
sister chromatids before triggering NER. This
spatial control of NER appears to be important
for the fidelity of chromosome segregation.
The chromosomal passenger protein Aurora B

relocates from centromeres to the spindle mid-
zone in anaphase, which produces a phospho-
rylation gradient (2). Aurora B inactivation on
chromatin is also required for chromosome de-

condensation andNER (3). We noticed that NER
was inversely correlated with Aurora B activity
on chromosomes and to the proximity of the
spindle midzone (Fig. 2, D and D′; fig. S3, D and
D′; and fig. S4, A andA′).Measurement of Aurora
B activity in S2 cells using a chromatin-targeted
Förster resonance energy transfer (FRET) sensor
(2) revealed a lower Aurora B activity (FRET
increase) as chromosomes separated during ana-
phase (fig. S4, B to G). Thus, chromosome posi-
tionalong thedivision axis appears tobemonitored
by a midzone-associated Aurora B activity gra-
dient that spatially controls NER.
To test this idea, we performed lasermicrosur-

gery in metaphase S2 cells to generate acentric
chromosome fragments (i.e., devoid of kineto-
chores and centromeric Aurora B) and found
that NER was significantly delayed or inhibited
on the lagging acentric fragments (9 out of 11
cells) (Fig. 3, A and B). Furthermore, Aurora B
accumulation at the spindle midzone and the

respective duration of anaphase were correlated
(fig. S5, A and C). Prevention of Aurora B lo-
calization at the spindle midzone by depletion of
the conserved kinesin-6 Subito (Mklp2) (4, 5)
extended spindle elongation and anaphase dura-
tion (Fig. 3C and fig. S5, A, B, D, and E). Given
that global Aurora B inhibition at anaphase on-
set with theDrosophila-specific Aurora B inhibitor
Binucleine-2 (Bi-2) (6) did not perturb anaphase
duration (fig. S6A and Fig. 4, A and B), we at-
tributed the anaphase delay after Subito RNAi to
Aurora B retention on chromatin (3, 4). NER oc-
curred simultaneously on all chromosomes after
Subito RNAi (7 out of 8 cells) or global Aurora B
inhibition (12 out of 12 cells), independently of
their position along the cell division axis (Fig. 3D
and fig. S6A). Thus, Aurora B localization at the
spindlemidzone is required for spatial regulation
of NER. Global Aurora B inhibition at anaphase
onset compromised the separation of sister chro-
matids and led to the formation of polyploid
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cells with a single nucleus (Fig. 4, A to C, and
fig. S7), which indicated that Aurora B activity is
required to delay NER in response to incomplete
chromosome separation. Similar findings were
observed in human cells (fig. S2, D to H, and fig.
S3, A to C).
PP1 and PP2A phosphatases are implicated in

NER and counteract Aurora B activity on chro-
mosomes (7–9). Inhibition of PP1/PP2A with
300 nM okadaic acid (OA) at anaphase onset
prevented chromosome decondensation and NER
and only slightly attenuated chromosome segre-
gation velocity relative to controls (Fig. 4, A and
C, and fig. S7). Specific inhibition of PP1-87B and
PP2A-C by RNAi confirmed that both phospha-
tases were independently required for timely NER
(Fig. 4, D and E, and fig. S8, A to F).
Aurora B regulates chromosome condensation

by recruiting its substrate Condensin I (Barren/
Cap-H in Drosophila) to chromosomes (10–14),
and its localization at the spindle midzone is

required for the coordination of chromosome
compaction with anaphase spindle length (15).
Chromosome localization of Barren fused with
green fluorescent protein (Barren-GFP) corre-
lated with chromosome condensation and dis-
appeared as sister chromatids separated (fig. S9,
A and B).Moreover, Barren-GFPwas enriched on
lagging chromosomes, and Aurora B inhibition
at anaphase onset caused the removal of Barren-
GFP from chromatin, including lagging chromo-
somes (fig. S9, A to C′). In contrast, PP1/PP2A
inhibition with OA at anaphase onset prevented
Barren-GFP removal from chromatin, and chro-
mosomes remained condensed (fig. S9, D andD′).
Finally, RNAi-mediated depletion of Barren was
reminiscent of Aurora B inhibition, with cells
completing NER before effective chromosome
separation (fig. S9, E to H). Histone H3 phos-
phorylation on S10 and S28 did not affect the
anaphase-telophase transition in S2 cells (fig. S10,
A to E). Condensin I recruitment to chromosomes

during anaphase is thus spatially regulated by
the counteracting activities of Aurora B and PP1/
PP2A to control chromosome decondensation
and NER.
To investigate whether Aurora B inhibition is

sufficient to trigger chromosome decondensation
and NER, we kept Cdk1 activity constitutively
high by the transient expression of nondegra-
dable D90Cyclin B–GFP (fig. S11, A, B, and D),
combined or not, with Aurora B inhibition by Bi-2
at anaphase onset. Cells arrested in anaphase
for several hours under both conditions (fig. S11,
C and G). Thus, in addition to Aurora B, Cdk1
inhibition is required for chromosome decon-
densation and NER, as shown previously (16–18).
Expression of D90Cyclin B–GFP further impaired
spindle elongation and Aurora B relocalization
from centromeres to the spindle midzone during
anaphase (fig. S11, E, F, H, and I), as reported
in mammalian cells (18–20). In contrast, Cdk1
inhibition at anaphase onset with RO-3306
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accelerated NER in the main nuclei relative to
controls and Bi-2–treated cells, independently of
chromosome separation, and also decreased spin-
dle elongation velocity (fig. S6, A and B; fig. S12, A
to D; and fig. S13, A to D). Thus, Cdk1 appears to
work as a “clock” that temporally regulates the
formation of a midzone Aurora B–based “ruler,”
which explains the observed minimal anaphase
duration time (~5 min) (Fig. 1D and fig. S1C).
Indeed, Cdk1 inhibition at anaphase onset led to a
fast accumulation of Aurora B at the spindle
midzone (fig. S12, E and F) and, contrary to Aurora
B inhibition, NER never took place on lagging
chromosomes (10 out of 10 cells) (fig. S6B).
Simultaneous inhibition of Aurora B and PP1/
PP2A or Cdk1 and PP1/PP2A (with or without
Aurora B inhibition) at anaphase onset pre-
vented timely chromosome decondensation
(fig. S14). Thus, PP1/PP2A activities are re-
quired to dephosphorylate Aurora B and Cdk1
substrates during anaphase and for the spatio-
temporal regulation of chromosome decondensa-
tion and NER.

Here, we have described a conserved surveil-
lance mechanism that coordinates chromosome
separation with chromosome decondensation
and NER involving three essential components:
(i) a sensor (Aurora B gradient) that monitors
incompletely separated chromosomes, (ii) an
effector (PP1/PP2A) that promotes decondensa-
tion and NER on fully separated chromosomes,
and (iii) a target (Condensin I) that maintains
chromosome condensation in response to incom-
plete chromosome separation (fig. S15). This
surveillance mechanism operates after spindle
assembly checkpoint (SAC) satisfaction and ful-
fills the criteria to qualify as a “chromosome
separation checkpoint.”Accordingly, “checkpoints”
delay or arrest a late cell-cycle event until com-
pletion of an early event and, typically, are only
detected in the event of errors (21). One of the
strongest pieces of evidence for a checkpoint is
the “relief of dependence”when one finds condi-
tions that permit a late event to occur even when
an early, normally a prerequisite, event is pre-
vented (21). Here, we showed that chromosome

decondensation and NER depend on the previ-
ous separation of chromosomes during anaphase.
This ismonitoredby amidzone-associatedAurora
Bphosphorylation gradient, perturbation ofwhich
(either by inactivating global or localized kinase
activity) permits chromosome decondensation
and NER without completing separation. Thus,
the dependence of chromosome decondensation
and NER on chromosome separation can be
relieved by inactivating global or localized Au-
rora B kinase activity. This could give rise to
polyploidy or micronuclei associated with chro-
mosome aberrations (22, 23). BecauseNER starts
at the distal regions of chromatin during late
anaphase (1), a chromosome separation check-
point would provide an opportunity to correct
errors “invisible” to the SAC (e.g., merotelic at-
tachments or catenated DNA) and allow reinte-
gration of lagging chromosomes in the main
nuclei before completion of NER. Lagging chro-
mosomes sustain Aurora B activity to inhibit
abscissionduring cytokinesis—the so-calledNoCut
checkpoint thatmonitors clearance of chromatin
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from the spindle midzone (24–26). The critical
differences between these potential checkpoints
are that the spatial regulation of NER involves a
default mechanism mediated by a midzone
Aurora B gradient that is active during a normal
mitosis, whereas NoCut is activated only in the
presence of chromatin at the cleavage furrow for
successful completion of cytokinesis.
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MOLECULAR MOTORS

Activation of cytoplasmic dynein
motility by dynactin-cargo
adapter complexes
Richard J. McKenney, Walter Huynh, Marvin E. Tanenbaum,
Gira Bhabha, Ronald D. Vale*

Cytoplasmic dynein is a molecular motor that transports a large variety of cargoes
(e.g., organelles, messenger RNAs, and viruses) along microtubules over long intracellular
distances. The dynactin protein complex is important for dynein activity in vivo, but its
precise role has been unclear. Here, we found that purified mammalian dynein did not move
processively on microtubules in vitro. However, when dynein formed a complex with
dynactin and one of four different cargo-specific adapter proteins, the motor became
ultraprocessive, moving for distances similar to those of native cargoes in living cells.Thus,
we propose that dynein is largely inactive in the cytoplasm and that a variety of adapter
proteins activate processive motility by linking dynactin to dynein only when the motor is
bound to its proper cargo.

C
ytoplasmic dynein 1 (dynein), a member of
the AAA adenosine triphosphatase (ATPase)
family, is the major minus-end–directed
microtubule (MT)motor inmost eukaryotic
cells (1). Several adapter proteins control

the recruitment of a soluble pool of cytoplasmic
dynein to transport cargos at the right place and
time in the cell (2–4). Dyneinmotor activity also
appears to be governed by two general regu-
latory factors—the Lis1-NudEL complex and the
dynactin complex (5). Lis1 may act as a “clutch”
that suppresses dynein motility and causes it to
form a tight binding complex with theMT (6, 7).
Whether dynein motility requires just the detach-
ment of Lis1 or needs an additional activation
process has been unclear.
Yeast cytoplasmic dynein, the best charac-

terized dynein in terms of its motility, moves
processively on its own (run length of 1 to 2 mm)
(8), and dynactin only increases its run length
by ~twofold (9). Mammalian cytoplasmic dynein
is also generally thought to be constitutively ac-
tive for motility, as it produces movement when
attached to solid surfaces such as glass slides (10),
plastic beads (11), or quantumdots (12). However,
surface binding of kinesin activates this normally
autoinhibited motor (13). Without direct visual-
ization of the motor itself, it also can be difficult
to determine whether one or multiple motors
are contributing to movement. Prior studies of
fluorescently labeled mammalian dynactin, but
with unlabeled dynein, have reported processive
run lengths of <2 mm in both directions on the
MT (14).
Here, we examined the motility of purified rat

brain cytoplasmic dynein (termed “brain dynein”)
by single-molecule fluorescence without attach-

ment to surfaces. Brain dynein, which exhibited
a characteristic two-headed shape by electron
microscopy (EM) (Fig. 1A), produces fast motility
(~0.6 mm/s) of MTs in a multiple motor gliding
assay (15). However, individual Cy3-labeled na-
tive dynein molecules, examined by total inter-
nal reflection (TIRF) microscopy in the presence
of 1 mM adenosine 5´-triphosphate (ATP), most-
ly either bound statically toMTs or exhibited short
back-and-forth movements (Fig. 1A, fig. S1A, and
movie S1), which are likely due to thermal-driven
diffusion, as they persist after addition of the
ATPase inhibitor vanadate (fig. S1B) (16). Direc-
tionalmovementswere only occasionally observed
(<1% of MT-bound dynein); those movements
were very slow (~90 nm/s, fig. S1A) and inhib-
ited by vanadate (fig. S1B). A recombinant, gluta-
thione S-transferase (GST)–dimerized human
motor domain construct (fig. S1C) also did not
show fast, processive motion (Fig. 1B and movie
S2), consistent with recent studies of a recom-
binant human cytoplasmic dynein holoenzyme
(17). Thus, in contrast to yeast dynein, purified
mammalian dynein rarely displays processive
motility.
The poor single-molecule motility by mam-

malian dynein might be due to the absence of
an activator in our purified preparations. BicD2
is a conserved, dimeric adapter protein that links
dynein to Rab6 GTPase onmembrane organelles
(2, 18); the BicD N-terminal coiled coil (19) fa-
cilitates an interaction between dynein and dy-
nactin, forming a stable dynein-dynactin-BicD2
ternary complex (DDB) that can be purified (20).
Using this well-characterized green fluorescence
protein (GFP)–tagged, N-terminal construct of
BicD2 (20), we isolated the DDB complex from
pig brain (Fig. 1C and fig. S2A); this prepara-
tion did not contain detectable kinesin-1, Lis1,
or Nudel (fig. S2B). The DDB complex eluted as a
single peak by size-exclusion chromatography
(fig. S2C), and EM revealed a single dynein dimer

with its tail bound to a single dynactin, iden-
tifiable by its 37 nm Arp1 filament (Fig. 1C and
fig. S3, A to C). The DDB complex appeared high-
ly flexible, as evidenced by the variable orienta-
tions of dynactin’s Arp1 filament (fig. S3B) and
variable separation of the two motor domains
(fig. S3D).
Next, we examined the motility of single DDB

complexes by TIRF microscopy, using the GFP-
tag on BicD2. In contrast to brain dynein, the
DDB complexes moved robustly and processive-
ly along MTs (Fig. 1D and movie S3), although a
small fraction (~15%) exhibited back-and-forth
diffusive motion (fig. S2D). The DDB complexes
also accumulated at MT minus-ends (Fig. 1E),
indicating tenacious binding upon reaching the
end of the MT track. Similar processive motility
and minus-end accumulation was observed re-
cently for dynein-driven transport of purified
mRNA particles in vitro (21). By kymograph anal-
ysis, DDB processive movement appeared as ex-
tended diagonal lines (Fig. 1F). At 2mMATP,DDB
moved at a mean velocity of 376 nm/s (Fig. 1G)
and run length of 8.7 mm (Fig. 1H), considerably
longer than yeast dynein (8). Whenmeasured at
physiological temperature (37°C), the velocity was
892 nm/s (fig. S2E), very close to speeds of retro-
grade transport in vivo (12). Processive motility
was completely abolished by the ATPase inhib-
itor vanadate (fig. S2F). The addition of BicD2 to
purified brain dynein did not stimulate processive
motility, indicating a requirement for dynactin
(fig. S2G). To further confirm that motile DDB
complexes contained single BicD2 dimers and
not oligomers or aggregates, we added two flu-
orescently labeled BicD2 preparations (TMR- and
505-Star–labeled) to pig brain lysates followed
by DDB complex purification. Two-color kymo-
graphs revealed thatmoving DDB complexes con-
tained either TMR- or 505-Star-BicD2 but not a
mixture (fig. S2H andmovie S4), confirming that
each DDB complex contains only a single BicD2
molecule. Thus, BicD2 links dynein and dynactin
to form a stable complex that moves toward the
MT minus-end with ultraprocessive run-lengths.
To examine each component of the DDB com-

plex during motility, we purified a triple-colored
DDB complex consisting of Alexa647-labeled,
SNAPf-tagged BicD2 (expressed in Escherichia
coli); GFP-tagged dynein intermediate chain
(GFP-IC); and a tetramethylrhodamine (TMR)–
labeled, Halo-tagged p62 dynactin subunit
[tagged IC and p62 were coexpressed in human
RPE-1 cells (22); fig. S4, A and B)]. This triple-
color–labeled DDBmoved processively, andmany
moving GFP-dyneins colocalized with a TMR-
dynactin and an Alexa647-BicD2molecule (Fig. 2A
and movie S5); the mean velocity and run length
of human DDB was 379 nm/s (Fig. 2B, left) and
8.84 mm (Fig. 2B, right), respectively. The flu-
orescence intensities of the motile GFP-labeled
dynein molecules were similar to those of the
well-characterized dimeric protein, GFP-kinesin
K560 (fig. S4C). Additionally, the fluorescence
intensities of isolatedTMR-dynactin andAlexa647-
BicD2 were similar to the intensities of these
components within the motile DDB complex
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(fig. S4, D and E). Thus, consistent with the EM
data (Fig. 1B), a ternary complex, containing single
copies of dynein, dynactin, and BicD2, is the active
entity that moves processively along MTs.
Because dynactin has been suggested to ac-

tivate dynein motility in the absence of other

factors (9, 23), we next examined the single-
molecule behavior of dynein and dynactin in the
absence of BicD2. GFP-dynein and TMR-dynactin
could be separated from BicD2 by salt elution
from a BicD2 affinity column (fig. S4F). Without
ATP, human GFP-dynein molecules decorated

MTs, but MT binding by human TMR-dynactin
was not observed (Fig. 2C), as was also reported
for yeast dynactin (9). The lack of MT binding
by dynactin was surprising, because the recom-
binant N-terminal half of p150Glued (a subunit in
the dynactin complex, Fig. 1B; herein termed
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“p150”) avidly binds to MTs (24, 25). However,
upon addition of Alexa647-BicD2 in the absence
of ATP, the intensity of GFP-dynein and TMR-
dynactin fluorescence on MTs increased by ~2-
and 50-fold, respectively (Fig. 2C). With ATP,
GFP-tagged dynein bound statically or diffused
back-and-forth on MTs (Fig. 2D), and TMR-
dynactin did not bind to the MTs (Fig. 2D). Re-
addition of Alexa647-BicD2 strongly stimulated
processive motility of TMR-dynactin and GFP-
labeled dynein (Fig. 2D and movie S6) without
evidence of aggregation (fig. S4G). Thus, dynein
and dynactin have very low affinity for one an-
other in the absence of BicD2, in agreement with
prior biochemical studies (20), and BicD2 is re-
quired for processive motion. Furthermore, MT
binding by the p150 subunit appears to bemasked
in the isolated dynactin complex, perhaps reflect-
ing an autoinhibited state.
The above experiments raised the question

of whether MT binding by p150 plays a role in
DDB motility. Previous studies showed that
removal of tubulin’s C-terminal tails with the pro-
tease subtilisin (D-CTTMTs) markedly reduced
MT binding of a purified p150 construct (25),

which we confirmed (fig. S5, A and B). In the
absence of ATP, we found that GFP-human
dynein bound almost equally well to both con-
trol and D-CTT MTs, whereas human DDB com-
plex exhibited greatly reduced binding to D-CTT
MTs, thus behaving more like p150 than dynein
(Fig. 3, A and B, and fig. S5, A and B). The
difference was even more pronounced in the
presence of ATP. GFP-human dynein bound to
both types of MTs (but did not move), whereas
DDB moved robustly on untreated MTs, but
rarely moved on D-CTTMTs that were placed on
the same slide (Fig. 3C and movie S7). Similar
findings were made for DDB from bovine brain
(fig. S5, A to C). In contrast, Saccharomyces
cerevisiae dynein, which is not regulated by
BicD2, moves almost as well on D-CTT as on
untreated MTs (26). p150 contains a well-
defined MT binding site (a CAP-Gly domain
flanked by a basic rich region) at its N terminus
(24). To test the role of this domain, we over-
expressedHalo-tagged versions of p150 or p135, a
naturally occurring splice form lacking the CAP-
Gly domain, in RPE cells (27), and then isolated
DDB complexes and fluorescently labeled them

withHalo-TMR.MT-boundp135-containingDDB
complexes displayed one-third as many pro-
cessive movements versus p150-containing com-
plexes (Fig. 3D). Of the TMR-p135 complexes
that moved processively, their velocity (498 T
226 nm/s) and run-length (8.9 mm) were similar
to those of moving TMR-p150 complexes (417 T
147 nm/s and 12.19 mm; fig. S5, D and E). The
significant fraction (~15%) of DDB-p135 com-
plexes that exhibited ultraprocessivity suggests
either that the CAP-Gly domain is not absolutely
required for motility or that the residual motion
observed with TMR-p135 could be due to het-
erodimerization with endogenous p150. Fur-
ther work is required to understand the complex
interplay between dynactin’s CAP-Gly domain
and dynein activation (9, 28, 29).
In addition to BicD2, several other coiled-coil

proteins have been implicated in linking dynein
to cargoes, including Rab11-FIP3 on Rab11-positive
recycling endosomes (4), Spindly (hSpindly) on
kinetochores (3), and Hook proteins on early en-
dosomes (30, 31).We asked if these cargo adapter
proteins might similarly initiate processive mo-
tion by increasing dynein’s affinity for dynactin.
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Fig. 3. MT binding and processivity of DDB
requires the C-terminal tails of tubulin. (A) MT-
binding behavior of GFP-tagged dynein (no BicD2),
or GFP-DDB from human RPE cells, on normal MTs
(red) and D-CTT MTs (blue) in the absence of ATP.
(B) Quantification of the fluorescence intensity
ratios (GFP-Dyn: 24 MTs, 22 D-CTT MTs; DDB: 59
MTs, 38 D-CTT MTs, mean T SD). (C) Kymograph
analysis of MTbinding andmotility with ATP (2mM)
on normal MTs (upper row) and on D-CTT MTs
(lower row). (D)Quantification of processivelymoving
(>2 mm) human DDB complexes with incorporated
TMR-labeled p150-Halo or p135-Halo subunits (22)
(percent of total MT bound; others were statically
bound or diffusing). Results from two independent
experiments are shown.
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Recombinant SNAPf-tagged Rab11-FIP3, human
Spindly, and Hook3 (fig. S6, A and B) all effi-
ciently coprecipitated dynein and dynactin from
pig brain lysates (Fig. 4, A to C). The dynein-
dynactin-adapter complexes, labeled with TMR
on the SNAPf tag and which did not contain con-
taminating BicD2 (fig. S6C), all displayed fast
(~500 nm/s) and ultraprocessive (9- to 11-mm
run-length) motility (Fig. 4, A to C), although
the number of moving Spindly-dynactin-dynein
complexes was somewhat lower than for Rab11-
FIP3, Hook3, and BicD2 (movie S8). Triple-color
single-molecule assays using material from hu-
man RPE cells confirmed that Alexa647-labeled
Rab11-FIP3, Spindly, andHook3 colocalized with
moving GFP-dynein and TMR-dynactin (fig. S6,
D to F; movie S9). Thus, four adapter proteins
that link dynein to cargoes can induce the for-
mation of highly processive dynein-dynactin-
adapter complexes.
Our results suggest a general model for reg-

ulating mammalian cytoplasmic dynein motility
(fig. S7). In the cytoplasm, without attachment
to a cargo, dynein adopts an inactive conforma-
tion that cannot undergo processive motion. Ac-
tivation of motility requires the simultaneous
binding of dynein to an adapter protein that de-
fines a particular cargo for transport (e.g., BicD2,
Rab11-FIP3, Spindly, Hook3) and dynactin, a uni-
versal activator involved in the transport ofmany
dynein cargos. S. cerevisiae dynein is constitu-
tively active on its own and dynactin only mod-
estly increases its processivity (9), suggesting
that the yeast motor may have lost the switch-
like regulation of motility displayed by mam-

malian dynein. Processive motility appears to
involve tethering of the DDB complex to the tu-
bulin C-terminal tails, which might be facilitated
by the flexibility of dynactin within the DDB com-
plex (Fig. 1C), although allosteric activationmech-
anisms might also be involved (9, 28, 29). Our
results also suggest that dynactin may use a yet
undiscovered autoregulatorymechanism, because
its MT binding appears to be masked until it be-
comes incorporated into a dynein-cargo complex.
Thus, mammalian dynein and dynactin both be-
come activated for transport in a process that is
coupled to cargo selection.
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Later, when I interviewed for post-

doc positions, committee members 

had nothing positive to say. “You 

are not ready,” they said. “You are 

not good enough.” When the time 

came to defend my Ph.D. thesis, 

they were at it again: “You don’t 

deserve this,” they said, after I had 

succeeded. “Your work isn’t that 

good. You won’t get it published 

anywhere decent.” It was a continu-

ous barrage of criticism aimed at 

undermining my self-confidence.

Fortunately, this was not my 

doctoral committee or any other 

committee that existed at Stanford 

University, or any other place in 

the real world. My Ph.D. commit-

tee at Stanford was constructive 

and supportive. The one I’m referring to—call it the nega-

tive committee—existed, and continues to exist, only inside 

my own brain. 

For years, the members of the negative committee have 

tried to make me feel like an impostor, and for years they 

succeeded. They didn’t believe in the person I was becoming: 

an accomplished academic who is critical, visionary, confi-

dent, and authentic. They have made it difficult, as Valerie 

Young, an expert on impostor syndrome, puts it, “to internal-

ize or feel deserving of any success.” The negative committee 

drowns out other voices, making it difficult to hear anything 

but its own incessant harping—difficult, but not impossible. 

In time, I gained the confidence needed to stand up to the 

negative committee. Intense self-reflection through mindful 

meditation helped me learn more about what the committee 

was after—my self-confidence—and how to fight it. The com-

mittee never quite succeeded because even as it was work-

ing to undermine my confidence, I was working to build it 

up. My accomplishments in graduate school, and the DARE 

fellowship, helped build my confi-

dence. I also had help from a lot of 

people: formal and informal men-

tors, friends, lab mates, and family. I 

draw on this confidence today when 

I tell the negative committee to “sit 

down and shut up,” as writer Ann 

Bradford has suggested. 

The negative committee isn’t all 

bad. As with all things, it depends 

on how you look at it. Yes, it has 

tried to undermine me, but I have 

learned from it. I have learned to 

turn its negatives into positives, to 

view its criticisms as opportunities 

for growth. The negative commit-

tee helps me stay grounded and be 

realistic about my true abilities. It 

keeps me on my toes. 

You, too, probably have a negative committee that you 

need to learn how to manage. It takes time, and it isn’t easy, 

but it isn’t that hard, either. Use your mentors, friends, and 

family—your positive committee, which has the advantage 

of existing in the real world—to help rein in your negative 

committee. I think the Dalai Lama said it best: “The way to 

overcome negative thoughts and destructive emotions is to 

develop opposing, positive emotions that are stronger and 

more powerful.”

Now that I’m a postdoc at the Massachusetts Institute of 

Technology in Cambridge, my negative committee continues 

to criticize my efforts. But things are different now. The com-

mittee is no longer in charge—I am. I now know how to not 

take its criticisms seriously. I know how and when to shut it 

up. And when I can’t shut it up, I just prove it wrong. ■

Fanuel Muindi is a postdoctoral fellow at the Massachusetts 

Institute of Technology in Cambridge. For more on careers 

and life in science, visit http://www.sciencecareers.org.

“The committee is no longer 
in charge—I am.”

Tell the negative committee to shut up

W
hen I started out in Stanford University’s biology doctoral program, I didn’t feel ready. My 

feeling that I was poorly prepared was corroborated by a committee that told me often how 

underprepared and unqualified I was. I attempted to argue my case, but the committee held 

to its position: I was unworthy. Fast forward 2 years: Just before I walked into my qualifying 

exam, the committee convinced me that I was going to fail. I succeeded, but that didn’t change 

its low opinion of me. Then, at the end of my third year, I was selected to receive a Diversify-

ing Academia, Recruiting Excellence (DARE) fellowship, which targets students in their final 2 years of 

graduate school who are interested in pursuing academic careers. The committee now argued that I didn’t 

belong in the company of the other fellows, who, it insisted, were way more accomplished than I was. 

By Fanuel Muindi
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