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Germany rising
Twenty years after reunification, Germany is 
on a path to recover its former scientific glory.

Before the rise of fascism in the 1930s, Germany was a world leader 
in science — to the point that researchers across the globe had 
to learn German to follow the major scientific literature. The 

Germany that emerged from the Second World War, which reduced 

the country to ashes, was entirely stripped of its intellectual glory. It had 
to rebuild its infrastructure and institutions, including those for sci-
ence, from scratch. Cold-war politics dictated that this would be done 
in two divided states. In West Germany, science was well funded and 
research output became modestly respectable. Over the decades, how-
ever, it became complacent, with little pressure on researchers to dem-
onstrate their productivity, and with stifling bureaucracy that tended 
to crush individual dynamism. Science in communist East Germany 
was the pride of the Eastern Bloc, but when the Berlin Wall fell in 1989, 
it was exposed as lagging behind the West. Handicapped by isolation 
from the Western world, including its scientific publications — now 
almost all in English — as well as by crumbling, ill-equipped labs,  

Hope in translation
An increasing number of biomedical researchers are testing their ideas on people. The early-phase 
clinical-trial results are a promising sign of greater cooperation between scientists and clinicians.

The readers of Nature should be an optimistic bunch. Every week 
we publish encouraging dispatches from the continuing war 
against disease and ill health. Genetic pathways are unravelled, 

promising drug targets are identified and sickly animal models are 
brought back to rude health. Yet the number of human diseases that can 
be efficiently treated remains low — a concerning impotency given the 
looming health burden of the developed world’s ageing population. The 
uncomfortable truth is that scientists and clinicians have been unable 
to convert basic biology advances into therapies or resolve why these 
conversion attempts so often don’t succeed. Together, these failures are 
hampering clinical research at a time when it should be expanding.

Enter translational research. The concept has been pushed hard over 
the past decade by funders as a way to bridge the gap between the labo-
ratory and the clinic. New money has been found to foster high-risk, 
high-reward research, develop the necessary tools and methodologies, 
fill knowledge gaps, and change academic culture to foster collaboration. 
The term translational was well-chosen. Those who work at the bench 
and the bedside speak in separate tongues: scientists of hypotheses and 
mechanisms; clinicians of populations and effects. Two communities 
divided by uncommon language.

Startling results of such a translational effort were described in a 
recent paper in the New England Journal of Medicine (K. T. Flaherty et 
al. N. Engl. J. Med. 363, 809–819; 2010), and on page 596 Bollag et al. 
offer more details.

In an early-phase clinical trial of a drug against melanoma, Bollag 
and his colleagues reduced tumours by at least 30% in 24 of the 32 
patients, and made them vanish entirely in two others. Such success 
would be almost unthinkable at this stage of a standard clinical trial — 
and it was the translational approach that made the difference. 

The trial was based on the discovery in 2002 that more than 60% 
of patients with melanoma carry a mutation in the gene that encodes 
the protein B-RAF. The mutation triggers a signalling pathway that 
accelerates cancerous cell growth. The scientists screened patients with 
melanoma for the B-RAF mutation and gave those who tested positive 

the experimental drug, which blocks the action of the mutated gene. 
Driven by a clear hypothesis, the approach may sound obvious to sci-
entists, but the research that allows such a step is new. Without it, most 
clinical trials still use the one-size-fits-all approach that treats patients 
as members of a population, rather than as individuals.

Basic research is teaching us that cancer is not a homogenous disease, 
but is complex and heterogeneous. By taking advantage of this, other 
hypothesis-based trials using molecular biology to stratify patients have 
shown similar success. An example is work using PARP inhibitors in 
patients with ovarian and other types of cancer who carried mutations 
in the BRCA1 or BRCA2 genes. Opponents may argue that this early 
screening restricts the chances of striking 
lucky with a compound tested against a larger 
group, but the favourable results yielded by the 
strategy so far must see the translational trend 
continue to build (see page 543). 

Institutes and universities are aligning 
themselves with hospitals, and improved 
infrastructure is encouraging better commu-
nication between clinical and research scientists. Proteomics, genom-
ics, biomarkers and high-resolution profiles of disease and stem cells 
all have the potential to treat disease better, and all have been pioneered 
by bench scientists. The funding of translational efforts now allows 
the same scientists to see this research through to the clinic. Over the 
coming years, Nature expects an increasing proportion of its scientific 
readership to engage in translational research.

Nature has already been privileged to publish some of the preclinical 
papers that led to successful early-phase clinical trials. And, although 
our pages have not been the traditional place to report the trials them-
selves, we recognize the growing relevance of these early-phase results to 
our readers. As such, we are happy to receive high-quality submissions 
in this area. Results from clinical trials that are biology-driven and look 
promising in terms of patient response could help to turn the tide against 
disease. The road will be long but let the optimism continue. ■

The funding of 
translational 
efforts allows 
scientists to see 
research through 
to the clinic.
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Defend the quangos
UK regulatory bodies are unpopular,  
but not all deserve the axe.

What does the Scientific Advisory Committee on the Medical 
Implications of Less-Lethal Weapons have that the Expert 
Advisory Group on HIV/AIDS does not? Why should the 

Veterinary Residues Committee die while the Veterinary Products 
Committee soldiers on? The new UK government is keen to cut down 
on expensive and wasteful quangos — quasi-autonomous non-govern-
mental organizations — but its approach seems haphazard.

Quangos, which are publicly funded advisory and regulatory bodies, 
are a popular target for politicians and newspapers in Britain. All three 
main political parties in this year’s general election pledged to reduce 
their number, and the Conservative–Liberal Democrat coalition gov-
ernment is now preparing to deliver on its promise. Documents leaked 
to media outlets last week detailed 177 such organizations that face the 
axe, with the future of dozens more described as “still under review”. The 
government’s reaction to the leak suggests that the list is genuine.

The end of some high-profile groups, such as the Health Protec-
tion Agency and the Human Fertilisation and Embryology Authority 
(HFEA), had already been floated. Other entries, including a review 
of the Environment Agency, were more surprising. 

The very existence of some bodies was enough to raise eyebrows. 
It is not for Nature to judge the value of the Government Hospitality 
Advisory Committee on the Purchase of Wine, which could soon find 
itself squashed. But those, including politicians, who would delight in 
the demise of apparently obscure groups should beware. Most, after 
all, were set up for a reason.

For some, the motive was to rebuild public trust; the Food Standards 
Agency (FSA), for example, was set up after the bovine spongiform 
encephalopathy crisis of the late 1990s. Others, including the HFEA, were 
set up explicitly to keep politically awkward decisions at arm’s length. The 
Spongiform Encephalopathy Advisory Committee’s work to assess risk 
in the food chain was vital to policy at a critical time for public health. It is 
easy for those who are unaffected by a group’s remit to poke fun, but most 
are useful to specific communities, be they scientists or wine drinkers. 

Despite stories earlier this year that the FSA was to be abolished, the 
leaked list suggests that the government will keep it. That could reflect 
fierce lobbying from its supporters, and a similar effort is now under 
way to protect the HFEA. Scientists who wish to prevent the loss of 
other threatened bodies should take note. Without outside pressure, 
the government is unlikely to rethink its decisions or even explain 
them and publish a detailed account of the savings. Why would it, 
when some groups cost the public very little, with members offered 
barely more than travel expenses?

At a time when central funds are under serious threat, the tradi-
tional advocates of evidence-driven policy are unlikely to speak in 
defence of an unpopular cause. Researchers who value the advice and 
independence of quangos must say so, or see them disappear. ■

most East German scientists were hopelessly out of date.
The two states reunited on 3 October 1990, and next Sunday’s 20th 

anniversary of reunification provides an occasion to reflect on just 
how far the new country has come, despite its unpromising start, in 
re-establishing itself as a world leader in science. It may never again 
enjoy the domineering prominence of its golden days, but on many 
criteria it has become a top achiever — in some areas overtaking the 
other two European scientific giants, the United Kingdom and France, 
which have recently started to take their eye off the ball.

It achieved this through consistent policies. Successive govern-
ments of different political shades have treated science as a priority 
and have continued to bankroll science budget increases each year. 
They have supported rolling five-year budgets, which also increase 
annually, for research organizations such as the Max Planck Society 
and the Helmholtz Society, whose institutes and research centres carry 

out basic research, as well as for the DFG, the 
university granting agency. The governments 
have routinely increased support for strategic 
research programmes. Germany’s 16 states  
have also increased their own research  
budgets. Spending on research and devel-
opment has increased from 2.27% of gross 
domestic product (GDP) in 1998 to an esti-
mated 2.63% in 2008. Even now, with the total 
budget for 2011 proposed by the government 

shrinking by 3.8%, funding for the science ministry is slated to increase 
by more than 7%. According to Eurostat, the European Commission’s 
database of European statistics, over the same period, research and 
development spending by France fell from 2.14% of GDP to a projected 
2.02% and that by Britain rose slightly from 1.76% to 1.88%.

The money has been absorbed well. This owes much to the strength 
of Germany’s institutions, with their culture of efficient administra-
tion (where red tape is kept pruned), capacity for planning and high 
standards for quality of work. The research organizations co ordinate 
to lobby governments. They have each found ways — not without 
pain —  of rooting out complacency, essentially by injecting competi-
tion, while attempting to open themselves up to two major, and until 

recently neglected, pools of scientists: foreigners and women.
When the Max Planck Society opened new institutes in eastern Ger-

many after reunification, for example, it took pains to recruit more 
women and foreigners to top positions. The society set up international 
graduate schools, together with universities at which all teaching is in 
English. The number of foreigners receiving PhDs in Germany is still 
well below Britain’s 40%, but has risen from 6.7% in 1997 to 14.5% in 
2008. The conservative universities took little initiative of their own, 
but were spurred into action in 2005 when the federal government 
launched its Excellence Initiative, a clever, multi-step competition 
whereby universities winning awards for both large research clusters 
and graduate schools could compete for the ultimate ‘elite’ status, clearly 
worth more to them than the prize money itself.

Germany also systematically looks outwards. It boasts the smartest 
organization within the European Union (EU) to exploit the European 
Commission’s Framework programmes of research, keeping its scien-
tists and institutions aware of funding possibilities and advising them 
on navigating the notorious complexities of application. Analysis of the 
Sixth Framework Programme (2002–06) showed Germany to be alone 
among the large EU countries — if the anomalous discount in member-
ship fees enjoyed by the United Kingdom is taken into account — in 
winning back the grant money it paid into the programme. 

The German focus on science and research is also reflected at higher 
political levels. German Members of the European Parliament head 
key committees responsible for science-related areas such as research, 
environment, energy and food safety and thus are well positioned to 
guide EU policy. German scientific institutions are reaching out beyond 
Europe, to the United States but also to Latin America and China. 
The Max Planck Society, for example, has in the past five years set up  
institutes in Shanghai, Buenos Aires and Jupiter, Florida. 

All this remains very much a work in progress, and Germany 
still has a long way to go to achieve all of the goals it has set itself — 
women, for example, still hold only 12% of top academic positions, 
among the lowest in Europe. But the relentless trajectory is clear. 
Other European countries should look at its consistent, systematic 
approach to raising its research base and feel not afraid, but inspired  
to do likewise. ■ 

Germany may 
never again enjoy 
the domineering 
prominence of its 
golden days, but 
on many criteria 
it has become a 
top achiever. 
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This week is Right to Know Week in Canada, intended to 
acknowledge and celebrate our freedom-of-information laws. 
Some 40 other countries have a Right to Know Day, but we 

Canadians get a whole week. And you know what? We need it.
Ironically, this celebration of open information comes on the back of 

new evidence of unacceptable political interference in the public state-
ments of federal government researchers. In short, the information 
policies of Conservative Prime Minister Stephen Harper are muzzling 
scientists in their dealings with the media. 

What happened to the transparency and accountability promised 
when the government formed the first of two minority administrations 
in 2006? Its stated communication policy, posted on a federal website, 
directed civil servants to “Provide the public with timely, accurate, 
clear, objective and complete information about its policies, programs, 
services and initiatives.” Yet today, that openness is being held ransom 
to media messages that serve the government’s political agenda. 

The signs were there in spring last year, when press reports revealed 
that climate scientists in the government depart-
ment Environment Canada were being stymied 
by Harper’s compulsive message control. Our 
researchers were prevented from sharing their 
work at conferences, giving interviews to jour-
nalists, and even talking about research that had 
already been published. Carefully researched 
reports intended for the public — Climate 
Change and Health, from Health Canada, and 
Climate Change Impacts, from Natural Resources 
Canada — were released without publicity, late 
on Friday afternoons, and appeared on govern-
ment websites only after long delays. This is not 
a government that is comfortable with climate 
change or the implications for action, as its largely obstructionist 
stance at climate talks has shown.

But it is not just climate-change research that is being targeted. Mar-
garet Munro, a science reporter for PostmediaNews, has uncovered 
that a policy enacted in March stipulates that all federal scientists must 
get pre-approval from their minister’s office before speaking to journal-
ists who represent national or international media. The pre-approval 
process requires time-consuming drafting of questions and answers, 
scrutinized by as many as seven people, before a scientist can be given 
the go-ahead by the minister’s staff. This is to spare the minister ‘any 
surprises’. What kind of politician needs that sort of pampering? And 
what kind of journalist submits questions for a scientist to a ministe-
rial clearing house? This message manipulation shows a disregard for  
the values and virtues of both journalism and 
science, and subverts timely disclosure and 
access to scientific data. 

All governments try to control their political 
message and push for policies that reflect party 

philosophy, but these new restrictions also seek to control the scien-
tific message in research with no link to partisan politics. When Scott 
Dallimore, a geoscientist for Natural Resources Canada in Sidney, Brit-
ish Columbia, reported evidence of the colossal flood that occurred in 
northern Canada at the end of the last ice age (Nature 464, 740–743; 
2010), he was put through the message-moulding machine. As a result, 
Canada’s taxpayers, who funded the research, were left in the dark. While 
the news broke elsewhere, journalists in Canada who had previously had 
open access to Dallimore, a gifted communicator, were left spinning 
their wheels while deadlines passed. The flood happened 13,000 years 
ago, so how can this work be construed as politically sensitive?

Scientists in departments that deal with natural resources, health, 
fisheries and oceans have also felt the pinch of the muzzle. Consequently, 
Canadians learn little about the results of their wider government sci-
ence, at least first-hand. Media clearance can take four or five days — 
ridiculous in a 24/7 news world. And because of the delays, research led 
by Canadian scientists is regularly channelled through international col-

laborators and released through their agencies.
The situation is more bizarre still, given a 2007 

pledge from the government to get Canadians 
excited about science. Forget excitement, it’s hard 
to even maintain public trust in taxpayer-funded 
research when scientists are not allowed to explain 
their work. Government media officers also find 
it difficult to craft informative press releases and 
bring research to media attention. Journalists 
tend not to buy media lines, and a savvy public 
can smell a partisan puff piece. No wonder, then, 
that the relationship between government press 
officers and media outlets has grown strained. 

So, how might we set out to re-establish a 
respectful, workable relationship? The Canadian Science Writers’ 
Association in Toronto is asking for timely access to federal scientists 
whose research is published in journals or presented at conferences 
open to the media. Our journalists need to speak with scientists to 
avoid misinterpretation of research. And, as journalists around the 
world will testify, scientists usually avoid politics and steer clear of 
policy-sensitive discussions. Canada’s researchers are no different. 

There is nothing new here. Rather, there is a need to return to a pro-
cedure that served us well in the past. It means working without cum-
bersome and propagandistic media lines, and trusting that scientists, 
journalists and press officers know what they are doing, are good at their 
respective jobs and will not work from a script that restricts the spirit 
of enquiry or accountability. Access to scientific evidence that informs 
policy is not a luxury. It is an essential part of our right to know. ■

Kathryn O’Hara is professor of science broadcast journalism at 
Carleton University and president of the Canadian Science Writers’ 
Association. e-mail: kathryn_ohara@carleton.ca

Canada must free scientists 
to talk to journalists
Strict controls on what federal researchers can reveal about their work  
is a disservice to science and the public, says Kathryn O’Hara.

 Nature.com
Discuss this article 
online at.
go.nature.com/62BMOe
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N E U R O I M M U N O L O G Y

Autoimmune 
disease culprit
Multiple sclerosis causes 
disabling neurological 
symptoms, but the mechanism 
behind the disease has not 
been clear. An imaging 
study in mice now reveals 

Z O O L O G Y

Killer jelly hunts  
by stealth
The comb jelly Mnemiopsis 
leidyi (pictured) is a highly 
effective predator, even though 
it does not actively pursue or 
look for its prey. Sean Colin 

Orchids are masters of sexual deception, with 
petal ornaments that so closely resemble 
female insects that their flowers attract 
amorous, pollinating males. Allan Ellis at 
Stellenbosch University in Matieland, and Steven 
Johnson at the University of KwaZulu-Natal in 
Pietermaritzburg, both in South Africa, now 
report that the daisy Gorteria diffusa uses a 
similar ruse.

The duo observed the behaviour of bombyliid 
flies around several forms of the daisy (pictured) 

in both the field and the laboratory. Male flies were 
attracted to some of the flowers (top row) and 
were mildly curious about others (bottom row), 
but showed little interest in daisies with minimal 
fly-like ornamentation. 

The researchers also found that the males 
attempting to mate with the petal ornaments 
spread pollen between flowers more effectively 
than did the more sedate females, which came 
just to feed.  
Am. Nat. doi:10.1086/656487 (2010)

B O ta N Y

Crazy for you, daisy

G E O C H E M I S t R Y

Arctic thaw 
boosts carbon
Wintertime warming of 
Alaskan soils may up the 
release of carbon dioxide from 
soil respiration, bolstering 
fears that tundra could have 
positive-feedback effects on 
global warming.

Susan Natali and her team 
at the University of Florida in 
Gainsville used fences to boost 
snow cover over a series of 
experimental plots in Alaska, 
resulting in a 1.5 °C increase in 
soil temperatures during the 
winter of 2008–09. They later 
removed excess snow to ensure 
that spring thaw occurred as 
normal and then set up open-
air chambers to increase the 
summer temperature.  

The authors found that 
greater soil respiration, 
particularly in winter, doubled 
CO2 emissions during the 
year-long experiment. This was 
despite a 20% increase in CO2 
uptake from enhanced plant 
growth in the warmer summer.
Glob. Change Biol. 
doi:10.1111/j.1365-
2486.2010.02303.x (2010)

at Roger Williams University 
in Bristol, Rhode Island, and 
his colleagues report that the 
animal captures its prey by 
producing a subtle current with 
its cilia — tiny beating hair-like 
structures. This current moves 
a large volume of water past its 
feeding apparatus.

By measuring fluid flow 
around jellies in the laboratory, 
the team showed that the 
current becomes turbulent 
enough to be detectable by 
typical prey species, such as 
microplankton, only in the 
capture zone near the creature’s 
mouth. By then, it is normally 
too late for prey to escape.

Such ‘stealth predation’ 
partly explains the animal’s 
success as an invasive species, 
say the authors.
Proc. Natl Acad. Sci. USA  
doi:10.1073/
pnas.1003170107 (2010)

that a specific set of immune 
cells may be the culprit in 
triggering neuronal injury. 

Volker Siffrin and Frauke 
Zipp at Johannes Gutenberg 
University in Mainz, Germany, 
and their group used in vivo 
microscopy to observe immune 
cells and neurons in the brains 
of mice with autoimmune 
encephalomyelitis, an animal 
model of multiple sclerosis. 
The authors found that a type 
of white blood cell called a 
Th17 cell directly interacts with 
neurons to form synapse-like 
contacts. This interaction 
increases calcium levels in the 
neurons — an early sign of cell 
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B I O P H Y S I C S

DNA replication 
control
At the flick of an electronic 
switch, DNA replication can 
be turned on or off with the 
assistance of a nanopore just 
wide enough for a single DNA 
molecule to pass through.

Proteins that form molecular 
pores are important tools for 
manipulating and studying 
single molecules of DNA, as 
well as the polymerase enzymes 
that bind to DNA and drive its 
replication. Mark Akeson and 
his team at the University of 
California, Santa Cruz, have 
developed a nanopore system 
that measures and controls 
DNA replication as it happens. 

The authors designed their 
system so that polymerase 

G E O S C I E N C E

Ocean colour 
drives storms
Ocean murkiness depends 
on the water’s level of light-
absorbing molecules such as 
chlorophyll, and as a result may 
be a factor in cyclone activity. 

A darker ocean absorbs more 
sunlight, raising sea surface 
temperatures. Warmer surface 

C H E M I S t R Y

Dissolving 
precious metals
The scarce metal platinum —  
a valuable catalyst — is hard 
to recycle if it is mixed with 
other noble metals such as 

O P t I C S

Through a glass 
darkly 
A new laser technique can 
capture an image of an object 
obscured behind painted glass. 

Sylvain Gigan and his team 
at ESPCI ParisTech in France 
have devised a method that 
traces the scattered path that 
photons take as they pass 
through an opaque white 
material. On one side of a glass 
slide covered in thick white 
paint, the researchers projected 
the image of a flower. They 
illuminated this set-up with a 
laser and took a photograph 
from the slide’s other side. 
After calculating the light’s 
zigzagging journey through the 
painted glass, they were able to 
reconstruct the flower image. 

With improvements, the 
technique might one day be 
used in medical imaging to 
see through opaque biological 
tissue such as skin. 
Nature Commun. doi:10.1038/
ncomms1078 (2010)

C a N C E R  B I O L O G Y

Sequencing guides cancer treatment
The full genome sequence of a rare tongue 
tumour has allowed physicians to draw up 
a personalized treatment plan where no 
established protocol existed. 

A 78-year-old patient had his cancer sequenced after initial 
treatments failed to slow tumour growth, which had spread to 
his lungs. When Steven Jones of the British Columbia Cancer 
Agency in Vancouver, Canada, and his colleagues analysed 
the sequence and compared it with that of his normal cells, 
they determined that tumour growth was probably driven by 
overexpression of a cancer-promoting gene called RET. 

A combination of drugs that target RET held back the cancer 
for seven months, until the tumours became drug-resistant. 
The team sequenced the cancer again and identified new 
mutations that had activated the AKT and MAPK pathways, 
which are often upregulated in cancer. The results provide a 
snapshot of how tumours evolve to evade treatment. 
Genome Biol. 11, R82 (2010)

✪ HigHly read
on genome
biology.com in 
the last 30 days

community
choice The most read 

papers in science

C O G N I t I V E  N E U R O S C I E N C E

How self-touch 
relieves pain
Grabbing hold of an injured 
area of the body can ameliorate 
acute pain, but how? 

Marjolein Kammers at 
University College London and 
her team subjected volunteers 
to a modified version of the 
‘thermal grill illusion’. This 
usually relies on warm and 
cold bars, but submerging the 
index and ring fingers in warm 
water and the middle finger 
in cool water creates the same 
sensation — of painful heat in 
the middle finger.

The volunteers put both 
hands through this experience. 
Then, by pressing the three 
fingers of one hand together 
with the same fingers on 
the other hand, volunteers 
cut their pain level by 64%. 
Bringing only one or two 
fingers together, or pressing 
their fingers against those 
of the experimenters, did 
not have this effect. The 
researchers believe that only 
full self-contact increases the 
coherence of the brain’s map of 
the body, which curbs pain.
Curr. Biol. doi:10.1016/j.
cub.2010.08.038 (2010)

damage. When the researchers 
blocked key receptors on 
the neurons, calcium levels 
subsided somewhat, showing 
that the damage may be at least 
partially reversible. 
Immunity 33, 424–436 (2010)

waters destabilize the regional 
atmospheric circulation 
such that it favours cyclone 
formation. Using a coupled 
land–ocean–atmosphere 
climate model, Anand 
Gnanadesikan of the National 
Oceanic and Atmospheric 
Administration in Princeton, 
New Jersey, and his colleagues 
simulated the genesis of 
subtropical cyclones in the 
northwestern Pacific. Making 
non-equatorial regions free 
from chlorophyll reduced the 
probability of storm formation 
over these regions by two-
thirds, but increased it closer to 
the equator.
Geophys. Res. Lett. doi:10.1029/ 
2010GL044514 (2010)

enzymes replicated DNA 
strands one after the other 
when the DNA was captured 
by the nanopore. Reversing 
the voltage across the pore 
activated this reaction by 
shifting the position of the 
DNA strand within the pore, 
exposing it to the enzymes. 
The researchers used their 
nanopores to measure the rate 
of replication for hundreds 
of DNA molecules on the 
millisecond timescale.
Nature Nanotechnol. 
doi:10.1038/nnano.2010.177 
(2010)

gold, because the strong acids 
used to dissolve these metals 
do so indiscriminately. Wei 
Lin, Ching-Ping Wong and 
their colleagues at the Georgia 
Institute of Technology in 
Atlanta have come up with 
a solvent that can efficiently 
dissolve gold, palladium and 
silver at room temperature, but 
leaves platinum untouched. 

Varying the composition 
of the solvent — a mixture of 
thionyl chloride and organic 
reagents — allows selective 
dissolution of metals. The 
system should help to recover 
platinum more efficiently 
from metal waste streams. 
Angew. Chem. Int. Edn 
doi:10.1002/anie.201001244 
(2010)
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Participants at last week’s United Nations 
Millennium Development Goals Summit 
in New York City took stock of stalled 
progress on objectives set a decade ago to 
ease global poverty by 2015. At the close of 
the summit on 22 September, UN secretary-

general Ban Ki-moon announced a pledge of 
US$40 billion, donated by numerous nations 
and organizations, that he said would help to 
prevent the deaths of as many as 16 million 
mothers and children in the world’s poorest 
countries over the next 5 years.

Summit pushes for development goals
Regathering storm
Despite increases in funding 
for basic scientific research 
and education, the United 
States is losing its global 
competitiveness, says a report 
released on 23 September by 
the US National Academies. 
The document is an update 
to the National Academy 
of Sciences’ 2005 landmark 
report Rising Above the 
Gathering Storm. That 
publication led to the 2007 
America COMPETES 
Act, which put key science 
agencies on a path to double 
their funding over ten years, 
but which is set to expire at 
the end of this fiscal year. 
Reauthorization of the act 
is proceeding sluggishly in 
Congress. See go.nature.
com/81m66C for more.

UK funding fight
Researchers and the heads of 
universities in Britain continue 
to urge against extreme cuts 
to government funding of 
science. The House of Lords 
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Spanish budget
Scientists in Spain may be 
spared the severe cuts they 
had feared. Although Spain’s 
2011 draft budget, unveiled 
on 24 September, would give 
government ministries on 
average 16% less to spend, 
education and research 

Pakistan funds
After a widespread 
faculty strike in Pakistan’s 
universities, the federal 
government agreed on 

P o l i c y

Indian report row 
Accusations of plagiarism 
greeted a report on the safety 
of genetically modified (GM) 
crops, released last week 
by India’s top six science 
academies. Environment 
minister Jairam Ramesh 
requested the report after 
placing an indefinite 
moratorium on the cultivation 
of insect-resistant aubergine, 
or brinjal, in February 2010. 
But the report lacks any 
citations or references, and 
contains data and several 
lines copied from two reports 
that were contributed to by 
GM advocate Anand Kumar, 
director of the National 
Research Centre on Plant 
Biotechnology in Delhi. 
Ramesh told the media that 
the report lacked “scientific 
rigour”. See go.nature.com/
RFi9u3 for more. 

23 September to raise its 
higher-education budget by 
5.8 billion Pakistani rupees 
(US$67 million) to provide 
teachers with a long-promised 
50% salary boost. Previously 
budgeted money was also 
released to Pakistani students 
abroad who had not been 
receiving their scholarships. 
Most of the funding for 
Pakistan’s public universities 
is channelled through the 
country’s Higher Education 
Commission, which has seen 
its budget heavily cut (see 
Nature 467, 378–379; 2010). 

funding would be the “least 
affected”, said the country’s 
vice-president, María Teresa 
Fernández de la Vega. Detailed 
figures will not be made public 
until the draft is presented to 
parliament on 30 September. 
But science minister Cristina 
Garmendia told the media that 
cuts would not affect projects, 
fellowships or research 
institutions that depend on the 
central government for their 
funding. 

A w A r d s

Lasker award
The US$250,000 prize for 
basic medical research — 
which often presages a Nobel 
prize — was this year awarded 
to Douglas Coleman at the 
Jackson Laboratory in Bar 

Science and Technology 
Committee wrote to science 
minister David Willetts on 
22 September, warning that 
university vice-chancellors 
expected a ‘brain drain’ if cuts 
took place. That message was 
reiterated later in the week by 
committee member Martin 
Rees, who is also president of 
the Royal Society in London. 
The government’s spending 
plans are scheduled for release 
on 20 October.
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COMING UP
3 OctOber
Brazilians go to the polls 
to elect a new president; 
front-running 
candidates are expected 
to continue the science-
friendly policies of the 
incumbent, Luiz Inácio 
Lula da Silva.
See full story, p.511

4–6 OctOber
The winners of the 
2010 Nobel prizes for 
physiology or medicine, 
physics and chemistry 
are announced in 
Stockholm.
www.nobelprize.org

4 OctOber
The Census of Marine 
Life — a decade-long 
initiative to assess 
life in the oceans — 
splashes out with a news 
conference at the Royal 
Institution in London, 
launching books and 
maps from the project.
http://coml.org and see News 
Feature, p.514

BUSINESS wAtCh
Claims for patents in clean energy 
technologies such as wind, 
photovoltaics and geothermal 
more than doubled from 1997 to 
2006, according to a global analysis 
published on 30 September. Patent 
activity related to fossil-fuel and 
nuclear-energy technologies fell 
some 50% in the same period, the 
study reports, suggesting a role for 
the 1997 Kyoto Protocol on climate 
change. The study was by the 
european Patent Office, the United 
Nations environment Programme 
and the International Centre for 
Trade and Sustainable Development.
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PATENTS AND PROTOCOLS
A global analysis of patents for clean energy technologies (CETs) 
shows the e�ect of the Kyoto Protocol’s rati�cation in 1997.
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Children’s study
There was a growth spurt 
last week for an ambitious 
US government project that 
aims to track environmental 
effects on the health of more 
than 100,000 people from 
before birth to age 21. The 
National Children’s Study 
announced the launch of 30 
new study locations, adding 
to the seven centres already 
established. The programme 
ran into trouble last year (see 
Nature 462, 20–21; 2009) 
when senators learned that 
it might cost more than 

B u s i n e s s

Avandia endgame
The European Medicines 
Agency and the US Food 
and Drug Administration 
effectively pulled the plug 
on GlaxoSmithKline’s 
Avandia (rosiglitazone) on 
23 September, removing the 
once-dominant diabetes drug 
from the market in Europe 
and severely restricting its 
use in the United States. In 
simultaneous news releases, 
the drug agencies said that 
recent information suggesting 
elevated risks of heart attack 
and stroke in users of the 
type-2 diabetes drug led 
to their decisions. Avandia 
brought its UK-based maker 
£1.8 billion (US$3.3 billion) 
in 2006, the year before its 
cardiovascular risks became 
public.
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Arctic land rush
Russia will spend an 
extra 2 billion roubles 
(US$64 million) in the next 
three years on geological 
research in the Arctic Ocean, 
said Yuri Trutnev, the 
country’s minister for natural 
resources, on 21 September. 
Russia wants new data to 
support its 2001 claim — 
rejected for lack of evidence 
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Nestlé research
Swiss food giant Nestlé said 
on 27 September that it would 
invest 500 million Swiss francs 
(US$507 million) over ten 
years in an Institute of Health 
Sciences currently being 
built at the Swiss Federal 
Institute of Technology 

Harbor, Maine, and Jeffrey 
Friedman at Rockefeller 
University in New York, for 
their discovery of the appetite-
regulating hormone leptin. 
See go.nature.com/DCVjjj for 
more. 

Plant grants
Plant scientists who tackle 
basic biological questions 
often feel they miss out on 
funding. But on 29 September, 
two private US foundations 
said they would dedicate 
a total of US$75 million 
to plant-biology research. 
The Howard Hughes 
Medical Institute (HHMI), 
based in Chevy Chase, 
Maryland, called the area an 
“underfunded field”. Together 
with the Gordon and Betty 
Moore Foundation in Palo 
Alto, California, it will award 
up to 15 plant researchers with 
5-year appointments to the 
HHMI. Applications are due 
by 9 November. 

(EPFL) in Lausanne, where 
the company, based in Vevey, 
already endows research 
chairs. About 200 scientists 
are to be hired for the 
institute, which will focus on 
obesity, diabetes, neurological 
disorders and aging. Nestlé 
said that the investment is 
part of a wider strategy to 
expand its business in medical 
nutrition — foods that help to 
treat diseases. 

by the United Nations — that 
the Lomonosov ridge, a 
submarine mountain range, 
is an extension of Siberia’s 
continental shelf. Canada and 
Denmark are also making 
territorial claims on the ridge 
(see map). The Arctic seabed 
near the ridge is suspected to 
be rich in oil and gas.

double its US$3.1-billion 
estimate. Last month, those 
same senators said that they 
“appreciate” improvements 
made to the study’s 
management and oversight.
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ETHICS A case of laboratory 
sabotage highlights a seamy 
side of science p.516

BIODIVERSITY A ten-year 
effort to inventory the 

life of the oceans p.514

CHINA Whistleblowers 
in science face 
physical attacks p.511

ASTROPHYSICS US and European 
dark-energy telescopes will 
do the same job p.508

B y  H e i d i  l e d f o r d

After a ten-year hiatus, the chimpanzees 
of the Alamogordo Primate Facility in 
New Mexico are being called back to 

duty. The 186 chimps, already grizzled veter-
ans of medical research, will be pulled from an 
un official retirement and sent back into the lab 
by the end of 2011, the National Institutes of 
Health (NIH) announced last month. But the 
decision has brought to a head a simmering 
debate about the use of chimpanzees for medi-
cal research in the United States — a practice 
finally banned by the European Union earlier 
this month. 

The chimps would rejoin a dwindling cadre 
of research primates. In 1995, the NIH estab-
lished a moratorium on chimpanzee breeding 
in federally supported laboratories, and scien-
tists have developed alternative ways to study 
the basic biology of diseases. But the roughly 

700 chimps remaining still have a key role in 
vaccine testing for viruses such as hepatitis C 
and HIV, which don’t infect other laboratory 
animals. 

After a visit to Alamogordo on 21 September,  
New Mexico governor Bill Richardson 
renewed a vow to fight the NIH plan, which 
would send the chimps to the Southwest 
National Primate Research Center in San 
Antonio, Texas. Richardson has said that he 
will push Congress to legislate that the chimps’ 
present home, at which about 40 people  
are employed, be converted into an official 
sanctuary managed by non-profit agencies, or 
be run by nearby universities for non-invasive 
behavioural research. So far, the NIH has not 
been receptive to his proposals. “They held fast 
to their position,” Richardson told reporters 
after a meeting with NIH officials in August. 
“And I’m going to hold fast to mine.” 

The world’s best-known primatologist 

has also voiced her concerns. “Most of these  
chimpanzees are older and have already been 
subjected to years of invasive research,” wrote 
Jane Goodall in a 29 July letter to NIH direc-
tor Francis Collins. “Would it not make more 
sense to leave these chimpanzees in permanent 
sanctuary at the Alamogordo facility?”

The Alamogordo chimps have a long and 
notable history. Some are descendants of the 
apes groomed for space flight as part of the  
Mercury project half a century ago. All have 
spent years as research subjects, and during their 
lives have been exposed to HIV or hepatitis C. 

The chimps came under NIH purview after 
federal officials took over control of the ani-
mals from the Coulston Foundation, which 
once managed most US research chimpanzees, 
after charges that it was mistreating its animals. 
Then, in 2004, Charles River Laboratories of 
Wilmington, Massachusetts, which the NIH 
had hired to manage the facility, had to fend 

e t H i c s

Chimps’ fate ignites debate 
Decision to relocate colony of ageing research apes becomes political. 
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Most of the chimpanzees at the Alamogordo Primate Facility are well into their twenties and have not been research subjects for more than a decade.
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B y  A d A m  m A n n 

It ought to be a match made in heaven. Two 
telescopes — one European, one Ameri-
can — with similar research objectives and 

a combined price tag of more than US$2 bil-
lion are both looking for support from funding 
agencies and the scientific community. In the 
current budget climate, it would seem natural 
for the projects to combine forces and push for 
one joint mission. Instead, it seems that in about 
a dozen years’ time there will be two orbiting 
observatories doing the same job.

“Does it make sense to send two missions if 
their scientific goals are so similar?” asked James 
Kasting, a geoscientist from Pennsylvania State 
University in University Park, during a meet-
ing of the 17-member NASA Advisory Coun-
cil astrophysics subcommittee in Washington 
DC on 16–17 September. Other subcommittee 
members, who have the task of deciding how 
NASA should proceed on the telescopes, ech-
oed the question. “Unless you change things, we 
might be doing the same thing twice,” says chair-
man Alan Boss, an astrophysicist at the Carnegie 

Institution for Science in Washington DC. 
At stake is the chance to speed progress 

towards a desirable goal: a better understand-
ing of dark energy, the mysterious phenomenon 
that has been proposed to explain the accelera-
tion of the Universe’s expansion. To investigate 
it, a telescope must be able to look for dark ener-
gy’s subtle effect on the distribution of galaxies 
and dark matter, as well as on the motion of dis-
tant supernovae (see ‘Illuminating dark energy’) 
— ambitious requirements. Yet prospects for a 
partnership between NASA and the European 
Space Agency (ESA) to develop such a telescope 
have collapsed in a bureaucratic tangle. 

Two options remain: NASA could become 
the minority partner in a Europe-led mission in 
exchange for ESA taking on a share of a similar 
US project, or they could proceed on their own 
separate but parallel tracks. Both options set up 
the possibility of a redundant effort. 

The dual-mission dilemma was precipitated 
last month by the US National Academy of Sci-
ences, in its release of the Astro2010 decadal 
survey, which sets goals and funding priorities 
for US astronomers and astrophysicists from 

off a criminal charge when the death of 
two chimpanzees highlighted the facility’s 
after-hours practice of leaving critically ill 
animals in the care of security guards with 
no veterinary training — a policy the NIH 
says has since been changed. This troubled 
history has led some to say that the Alamo-
gordo colony has been through enough, 
and that it is time to let the chimps retire. 
“These animals have been used to an exten-
sive degree,” says John Gluck, an emeritus 
professor of psychology at the University 
of New Mexico in Albuquerque. “Is there a 
sense that we owe them something for that? 
I think we do.” 

Gluck says that when he first visited 
the Alamogordo colony in 1973, the stark 
environment and individual metal cages 
reminded him of a medieval prison. Since 
then, the buildings have been converted into 
a more comfortable habitat, complete with 
space for the chimpanzees to socialize and 
to exercise outside. 

The 2000 US Chimpanzee Health 
Improve ment, Maintenance, and Protec-
tion Act called for a system of sanctuaries 
for retired chimpanzees “no longer needed” 
for medical research. Only one such federal 
sanctuary has been built: Chimp Haven, 
near Keithville in Louisiana, which is home 
to some 100 retired chimps. But the govern-
ment’s contract with Chimp Haven expires 
in 2012 and there has been no discussion of 
extending it. At Alamogordo, the chimpan-
zees have enjoyed their unofficial retirement 
because Holloman Air Force Base, where 
they are located, dictates that they cannot be 
used for medical research on the premises. 

But the NIH considers the Alamogordo 
centre a “research reserve” rather than a 
sanctuary. Closing the centre and mov-
ing the chimps to San Antonio will save 
US$2 million a year, says Harold Watson, 
NIH programme director for chimpanzee 
management. 

In Texas, the Alamogordo chimpanzees 
will join about 150 others in an environ-
ment much like that at their present facility, 
says Watson. They will be allowed to social-
ize and go outdoors unless specific medical 
protocols require isolation. “This colony 
has been together for a long time,” he adds. 
“They’ll be temporarily disrupted dur-
ing the move, but then the original social 
groups can reform and that’s the best way 
to do it.” Most testing will involve little more 
than a few blood samples, and samples of 
liver tissue taken using very thin needles, 
he says. 

If so, then sending the chimps back into 
the lab could be justifiable, says Ajit Varki, 
a biochemist at the University of California, 
San Diego. “We have the chimps in captiv-
ity,” he says. “They cannot be returned 
to the wild. We should be able to do with 
chimps what we do with humans.” ■

A s t r o n o m y

No scope for agency 
collaboration in space
Bureaucracy and schedule conflicts could lead to overlapping 
dark-energy missions from the United States and Europe.

This depiction of two concepts for the Euclid observatory could foreshadow a real-world problem.
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2012 to 2021. The highest-priority project in 
the queue is the James Webb Space Telescope 
(JWST), an infrared observatory now in testing 
and heading for launch in 2014. But once that 
is completed, the survey recommends that the 
United States develop a new mission, the Wide-
Field Infrared Survey Telescope (WFIRST).

Although described as a multi-purpose 
instrument, WFIRST is effectively a repackag-
ing of the Joint Dark Energy Mission (JDEM), 
a shared NASA–Department of Energy (DOE) 
project to explore the nature of dark energy. And 
its objectives are strikingly similar to those of a 
proposed 1.2-metre European telescope called 
Euclid, in the works since 2007.

Last year, Jon Morse, director of NASA’s astro-
physics division, tried to broker a deal in which 
ESA would relinquish plans for Euclid and join 
the JDEM. The Europeans were interested, says 
Morse, but the deal fell apart when DOE officials 
complained that ESA would be providing the 
instruments that the DOE had planned to make. 
Then, with the JDEM bogged down (see Nature 
461, 1182–1183; 2009), Morse met with ESA 
officials and offered to provide 20% of Euclid’s 
funding and 2 astronomers for its 12-member 
science working group. But after the decadal 
survey was released and WFIRST emerged as 
a top priority, NASA was again looking to lead 
a combined mission. According to Ed Weiler, 
NASA’s associate administrator for science, this 
time the response from ESA was “an unequivo-
cal no”, because Euclid was now too far along in 
its bid for a 2018 launch slot. 

Stuck in line behind the JWST, it is unlikely 
that WFIRST will launch before 2022, which 
potentially relegates it to an also-ran in the quest 
to explore dark energy. So Morse and Weiler 
have proposed an arrangement that would see 
NASA contributing a third of Euclid’s budget 
— around $260 million over ten years — in 
exchange for an equivalent European commit-
ment to WFIRST.

“When your budget is tight and you’re trying 
to get high-priority science data this decade, 
this makes sense,” said Morse.

But the quid-pro-quo deal is not so inviting 
to some on the panel, in part because the dis-
tinction between the missions is not compel-
ling enough to require separate efforts. “One is 
a little better here and one is a little better there, 
but they seem to have a large overlap,” said 
Vicky Kalogera, an astrophysicist at North-
western University in Evanston, Illinois, and a 

subcommittee member. Astronomers will gain 
little from WFIRST if it comes online a few years 
after Euclid. “Is it impossible to find a way to 
join with ESA and have a 50:50 ‘EuFIRST’ mis-
sion?” Kalogera asked, a sentiment repeated 
several times during the discussion. 

T h e  p r o b l e m , 
Morse said, is that to 
achieve all of the US 
decadal survey’s goals, 
such a telescope would 
have to be bigger than 
the Europeans want; 
WFIRST is set to have 

a 1.5-metre aperture. “Euclid is competing for 
a medium-scale slot,” said Fabio Favata, ESA 
coordinator for astronomy and fundamental 
physics missions. “We cannot do a telescope 
larger than 1.2 metres.”

Euclid’s mission proposal, which will be 
evaluated alongside two competing projects, is 
due on 29 October. Before then, the Euclid team 
must know how much, if anything, the United 
States wants to commit to it. ESA must decide by 
mid-2011 whether to advance Euclid or give the 

2018 launch slot to another mission.
Some subcommittee members say that a 

wasteful duplication could still be avoided. If 
Euclid is given the go-ahead, the mission par-
ticulars will come up for review, giving another 
chance for a joint US–European venture, says 
Boss. Even if the telescopes are not combined, 
the final specification of both missions could 
change before either launches, says Arjun Dey, 
an astrophysicist at the US National Optical 
Astronomy Observatory in Tucson, Arizona. 

At the end of the two-day meeting, the 
subcommittee was split between increasing 
involvement in Euclid and dropping it entirely. 
For now, they have chosen to return to the 20% 
funding proposal and reconvene in late Octo-
ber to decide on further action. 

“This is a big decision that will affect many 
people, and many on the panel were anxious,” 
says Boss. “In an ideal world, we would sit down 
and start from scratch.” When asked about fears 
that a two-mission scenario could become a 
public-relations nightmare, he said, “If these 
concerns don’t get solved, that might become 
a big problem.” ■

to distinguish between competing 
ideas about the nature of dark energy, 
astronomers need to measure how it is 
affecting the expansion rate of the Universe. 
there are at least three ways to do this 
(below). the european Space Agency’s 
proposed euclid mission would use the first 
two, whereas NASA’s Wide-Field infrared 
Survey telescope would do all three. 

Baryon acoustic 
oscillations: in the early 
Universe, sound waves 
travelled through space, 
leaving behind patterns 

in the large-scale arrangement of baryons 
(protons and neutrons) in the Universe. 
By measuring the characteristic scale of 
these patterns, astronomers can use them 
as a cosmic ruler. Using this technique, 
researchers can infer how dark energy has 
stretched the Universe over time.

Weak gravitational lensing: 
extremely massive objects, 
such as galaxy clusters, 
bend light from objects 
behind them. the slight 

lensing of light from distant galaxies will help 
to reveal how dark matter is distributed in the 
foreground and how much influence dark 
energy has exerted on that space.

Supernovae distances: 
type ia supernovae, which 
were once white dwarf 
stars, have consistent 
peak luminosities, so 

differences in their apparent brightness can 
be used to estimate the distance to far-away 
galaxies. comparing the distances to the 
rate at which the galaxies are swept along 
by cosmic expansion gives cosmologists a 
better estimate of the Universe’s expansion 
rate at different points in its history. A.m.

t e c H n i q u e s
Illuminating dark energy

more 
online

q & A

● gabriela chavarria, 
top science adviser 
to the US Fish and 
Wildlife Service, 
on the agency’s 
scientific direction.  
go.nature.com/pjXCsl

o n  t H e  n e w s  B l o g

● obama’s green team in hiring probe  
go.nature.com/6rjFn4
● can science help the millennium 
development goals succeed?  
go.nature.com/2CkGmt
● game over for British science?  
go.nature.com/rI2Crt

P i c t u r e  s t o r y

rare fossil reveals 
the origins of daisies 
and sunflowers.  
go.nature.com/owWRqU

“Is it impossible 
to find a way to 
join with ESA 
and have a 50:50 
mission?”

c
li

N
to

N
 B

r
A

N
d

h
A
g

eN
 P

h
o

to
g

r
A

P
h

y

Sc
ie

n
c

e/
A

A
A

S
 

B
A

r
yo

N
: N

A
S

A
/e

S
A

/r
. m

A
S

S
ey

; l
eN

S
iN

g
: N

A
S

A
/e

S
A

/c
. h

ey
m

A
N

S
/m

. g
r

Ay
/m

. B
A

r
d

eN
/S

tA
g

eS
/c

. W
o

lF
/K

. m
ei

S
eN

h
ei

m
er

/c
o

m
B

o
-1

7
; S

U
P

er
N

o
vA

e:
 N

A
S

A
/J

. B
lA

K
eS

le
e

3 0  S E p t E m b E r  2 0 1 0  |  V O L  4 6 7  |  N A t U r E  |  5 0 9

in focus nEWs

© 20  Macmillan Publishers Limited. All rights reserved10



b y  E m m a  m a r r i s

Which US chemistry department is 
the biggest? As of autumn 2005, the 
University of California, Berkeley, 

had a whopping 406 graduate students. That 
must be some departmental picnic. Which 
ecology programme takes the longest? The 
median time to complete a PhD degree in the 
ecology and evolutionary biology department 
at Tulane University in Louisiana is 8.5 years. 
Which genetics programme has the high-
est average number of citations per faculty 
publication? The Massachusetts Institute of 
Technology in Cambridge dominates, with a 
knockout 10.08. Which physics programme is 
the best? A new report that supplies all of the 
other answers doesn’t make the call. 

Released on 28 September, the long-awaited 
National Academies study on US PhD pro-
grammes, A Data-Based Assessment of Research-
Doctorate Programs in the United States (see 
go.nature.com/tqvokc), is notable for not rank-
ing programmes in 1-2-3 order. But it aims to 
offer comparisons that are detailed enough both 

to help students determine where to apply and 
to help job-seekers judge offers. The findings 
could also guide spending by administrators at 
a state or school level — whether by lavishing 
funds on standout programmes or by spending 
money to improve less-successful ones.

The report was delayed by funding prob-
lems, and the National Research Council had 
to charge institutions up to US$10,000 apiece 
to be included. The underlying data are now 
five years old, which could limit the report’s 
impact. But it is accompanied by a huge trove 
of raw data, which can be manipulated to 
answer specific questions. And the rankings 
are less subjective than previous versions of 
the report, the last of which appeared in 1995. 
“We thought doing it right was more impor-
tant than doing it fast,” says the report’s com-
mittee chair Jeremiah Ostriker, an astronomer 
at Princeton University in New Jersey.

The new rankings derive from quantitative 
measures, such as publications or citations 
per faculty member, weighted in two differ-
ent ways. In one scheme, members of a field 
were asked to evaluate the importance of  

various measures. In the other, the specialists 
had to rank programmes, and statistical analy-
sis determined the weights that various meas-
ures would have to be given to reproduce those 
rankings. “It is not really based on reputation, 
it is based on the things that seem to predict 
reputation,” says Ostriker.

The two methods produced subtle differ-
ences (see ‘Grading the schools’). For exam-
ple, although few faculty members stressed the 
importance of programme size, they tended to 
give higher rankings to the programmes that 
awarded many PhDs. Both ranking schemes, 
however, gave surprisingly little importance 
to other measures. “How well the students 
are taken care of and how well they do after 
they graduate is obviously important, but it 
isn’t what the faculty put the most emphasis 
on,” says Ostriker. “They care more about the 
research output of the faculty.” 

Each programme’s position is expressed 
as a range rather than an average to commu-
nicate the uncertainties and fluctuations in 
the data. The overall result is a lot of data —  
20 variables for more than 5,000 programmes at 
212 universities — but no clear ‘winners’. “The 
committee believes that the concept of a precise 
ranking of doctoral programs is mistaken,” the 
report reads. “The reader who seeks a single, 

authoritative declara-
tion of the ‘best pro-
grams’ in given fields 
will not find it in this 
report.” 

Harvey Waterman, 
associate dean for 

academic affairs at the graduate school of Rut-
gers University in New Brunswick, New Jersey, 
who helped to advise on the surveys used by 
the project, predicts a fair amount of nitpick-
ing about old data and new methodology. For 
example, ‘interdisciplinarity’ is measured by 
how many of a programme’s faculty members 
are listed as ‘associate’. Programmes that were 
interdisciplinary by nature scored zero because 
their faculty are full members (not associates) 
regardless of speciality.

Debra Stewart, president of the Council of 
Graduate Schools in Washington DC, calls the 
report’s two ranking systems and the ranges 
of outcomes “perplexing in a very healthy 
way”. For Stewart, the varied rankings prove 
that different criteria make sense for different 
programmes, depending on their priorities. 
A school that prides itself on diversity might 
focus on the various measures of faculty and 
student diversity; a school that has no plans 
for expanding a small programme might com-
pare itself only with other small programmes. 
The fact that the data are a bit stale, she says, 
“only becomes important if there is no effort to 
update this on a regular basis”. 

Ostriker says that this is on the cards. “We 
hope that in a couple of years we can get data 
on new faculty and then repeat it. That is the 
only thing that changes very quickly.” ■ 

“We thought 
doing it right 
was more 
important than 
doing it fast.”

GRADING THE SCHOOLS
R rankings (based on a statistical model derived from from faculty members' opinions) and S rankings (based 
on the criteria that faculty members named as important) produced di�erent lists of the top-�ve programmes 
in two di�erent �elds. To re�ect uncertainties, the report expressed each programme's position as a range.
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Duke University
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Princeton University
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Massachusetts Institute of Technology
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h i g h E r  E d u c at i o n

US school ranking 
names no winners    
Graduate programmes are assessed and measured, but stale 
data could reduce impact of long-awaited report. 
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p o l i c y

Science safe in 
Brazil elections
Next head of state unlikely to 
upset the status quo.
b y  a n n a  p E t h E r i c k

Like many other Brazilians, the nation’s 
scientists are hoping that the presidential 
elections of 3 October will bring as lit-

tle change as possible. After nearly a decade of 
solid support for science from President Luiz 
Inácio Lula da Silva, his likely successor, Dilma 
Rousseff, has much to live up to.

Lula’s own formal education may have been 
meagre, but during his seven years as president 
he has raised the status of science in Brazil by 
steadily increasing research funding (see chart) 
as a percentage of gross domestic product 
(GDP) — which itself has grown impressively 
(see Nature 465, 674–675; 2010). He has also 
elevated Brazil’s scientific profile by writing 
numerous editorials on its science-develop-
ment initiatives, including one in Scientific 
American in 2008, and his science minister 
of five years, Sérgio Rezende, has published 
research about spin-wave theory in Physical 
Review Letters while in office. 

“The Lula government brought a very 
important increase in funding and did very 
important work in terms of policy-making and 
agenda setting,” says Paulo Gadelha, president 
of the Fundação Oswaldo Cruz (Fiocruz) bio-
medical research institute in Rio de Janeiro. “It 
was the first time that we brought together the 
traditional areas related to industrial policy 
with those related to science funding, health 
and agriculture.”

It has not all been good news, however. 
Lula’s former environment minister, Marina 
Silva — who is now is standing against Rousseff 
— resigned in 2008 because she did not think 
the government was doing enough to protect 
the Amazon. Despite her concerns, 2009 fig-
ures showed that deforestation plunged to 

f r a u d

Brawl in Beijing
Critics of Chinese researchers targeted in physical attacks.

b y  d a v i d  c y r a n o s k i

Science can be a rough game in China. 
On 29 August, on his way home from 
a tea house in Beijing, Fang Shimin was 

assaulted. The former biochemist — who for 
the past decade has run a website exposing 
scientific fraudsters — was chased by two men, 
caught and attacked with a hammer.

“I believe they planned to kill me,” he says. 
“The only way to shut me up is to kill me.” He 
escaped with only minor cuts and bruises. In 
June, Fang Xuanchang, a journalist who had 
reported on corruption in science in China, 
was left with more serious injuries after two 
men assaulted him with steel rods.

On 21 September, police arrested Xiao 
Chuanguo, a urologist at Tongji Medical 
College in Wuhan, on suspicion of master-
minding both plots. Xiao could not be reached 
for comment, but has confessed his involve-
ment to Beijing’s police. Fang Shimin says Xiao 
could face 3–10 years in prison — or more if 
the charges become attempted murder.

Xiao and Fang Shimin have never met or 
spoken, but their paths have crossed on the 
Internet — and in court. Xiao’s clash with him, 
and with Fang Xuanchang, revolves around a 
surgical procedure devised by Xiao that aims to 
restore bladder and bowel function in patients 
with spina bifida or spinal-cord injuries. Xiao 
reported an impressive 87% success rate for the 
operation, which involves re-routing nerves1,2. 
In 2005, he was nominated for membership 
of the Chinese Academy of Sciences, the elite 
body of the Chinese scientific world.

Following his nomination, people started 
posting questions about Xiao’s claims on 

Fang Shimin’s website (http://fangzhouzi-xys. 
blogspot.com). Then in September 2005, Fang 
Shimin published an essay in Beijing Sci–Tech 
Report, which said that Xiao was not an asso-
ciate professor at New York University as he 
states in his CV, but only an assistant professor. 
Furthermore, the article said that only 4 of the 
26 English-language publications Xiao listed 
were journal articles — the rest being abstracts 
from conference proceedings.

It is not known if Fang Shimin’s article 
affected the academy’s decision, but Xiao 
was not made a member and has since sued 
Fang Shimin for libel five times. Fang Shimin, 
whose site has been criticized for giving 
contributors a platform for unjustified attacks 
on their enemies3, lost one case and won two, 
with the other two undecided. Meanwhile, 
criticism of the ‘Xiao procedure’ has contin-
ued. Last year, Fang Xuanchang published a 
series of articles questioning its efficacy, which 
may have prompted the attacks on him. 

Beijing-based lawyer Peng Jian says he has 
interviewed 20–30 patients who have experi-
enced side effects after undergoing the Xiao 
procedure, and who are seeking compensa-
tion. This summer, the first US trial of the 
treatment reported ambiguous results in The 
Journal of Urology4, and two journal editorials 
said it should be considered experimental4. 

Fang Shimin, meanwhile, is unfazed by 
the attack. “It won’t stop me,” he says. “I will 
continue to do what I am doing.” ■

1. Xiao, c.-G. Proc. Int. Conf. Urol. shanghai, 2–4 July 
(2005). 

2. Xiao, c.-G. Eur. Urol. 49, 22–29 (2006).
3. cyranoski, d. Nature 441, 392–393 (2006).
4. Peters, K. m. et al. J. Urol. 184, 702–708 (2010).

Former biochemist Fang Shimin has made enemies after scrutinizing scientists’ reputations.
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AN IMPRESSIVE RECORD
The Lula presidency has seen large
increases in the science budget.
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a record low of 7,464 square kilometres. 
Another steep drop is expected when the 2010 
numbers are released later this year.

Rousseff, the centre-left Workers’ Party 
candidate, holds a strong position as Lula’s 
anointed nominee in the election. Since late 
August, almost 50% of Brazilians polled have 
said they intend to vote for her as president. 
Candidates need half of the popular vote 
plus one ballot paper to win outright, and 
her nearest rival, José Serra, of the opposi-
tion centre-right Brazilian Social Democracy 
Party, is wobbling at around 28%. Silva is in 
third place. 

Rousseff is expected to pursue Lula’s policies 
across the board. Yet it would not necessarily 
be bad news for science if Serra were to win. 
Appreciation of the long-term economic ben-
efits of innovation is spread fairly evenly across 
party lines, says Eduardo Viotti of Columbia 
University in New York, who advises the Brazil-
ian senate on science policy. Serra was a popular 
health minister during the presidency of Lula’s 
predecessor, Fernando Henrique Cardoso, 
when many of the laws that underpin Lula’s 
increased science spending were passed.

If Rousseff does coast to victory, she might 
do even more for Brazilian science than Lula. 
Much is made of how she lacks his charisma, 
yet with a long career behind her as a diligent 
and efficient administrator, “she will probably 

be able to go further in terms of some of the 
discussions that are going on at the moment, 
for instance in integration between science and 
technology policy and health policy”, Viotti 
points out. That kind of careful integration, of 
course, rests on the shoulders of the science 
minister, who is likely to be one of the last to 
be named in the new cabinet.

Rousseff ’s choice of finance minister will also 
be key. Luciano Coutinho, tipped as the front-
runner for the post, is currently head of the 
Brazilian Development Bank, BNDES, based 
in Rio de Janeiro. On paper at least, Coutinho 
looks like the dream finance minister for the 

research community. A former executive 
secretary of Brazil’s science and technology 
ministry, Coutinho is also a professor at the 
State University of Campinas in São Paulo and 
an expert in the economics of innovation. He 
has already stated that, as finance minister, he 
would cut Brazil’s deficit and thus lower inter-
est rates — a step that might spur investment in 
corporate research and development in Brazil.

Brazil’s scientists have lobbied politicians in 
an unusually assertive and coordinated fashion 
this year. The Brazilian Academy of Sciences 
and the Brazilian Society for the Advancement 
of Science have circulated a letter to all of the 
presidential candidates, urging them to pay 
more attention to education in basic science 
and mathematics. 

Furthermore, a committee appointed by 
Rezende, headed by physicist Luiz Davidovich 
at the Federal University of Rio de Janeiro, is 
just finishing a guide for the next administra-
tion’s science team. It contains recommenda-
tions put together by scientists at regional and 
national science-policy conferences, such as 
the need for increased emphasis on scientific 
training to allow Brazil to take advantage of its 
new-found oil wealth, discovered off the coast 
of São Paulo and Rio de Janeiro in 2007, while 
preserving the Amazon. How the country 
juggles these issues within a coherent climate-
change policy are key to Brazil’s future. ■

Dilma Rousseff (left) might be even better for 
Brazilian science than President Lula (right).
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B y  E u g E n i E  S a m u E l  R E i c h

Quantum computing has made another 
advance along the path from theorists’ 
darling to working device. 

The concept depends on entanglement, a 
strange phenomenon in which the quantum 
states of spatially separated systems, called 
‘qubits’, become intrinsically linked. The entan-
glement of two or more qubits sets up a ‘super-
position’ of states in which calculations can run 
in parallel — in principle allowing a quantum 
computer to race through problems that it 
would take a classical computer eons to solve. 

Such a quantum machine would require 
hundreds or even thousands of entangled 
qubits. The maximum reached so far is 12, but 
some of the systems that researchers are work-
ing with, including those depending on the 
spins of ions, may be hard to scale up. In this 
issue of Nature, two research groups1,2 report 
progress on an alternative approach: entangling 
qubits made from superconducting circuits, a 
technology that is amenable to manufacture 
on electronic chips. “Superconducting qubits 
are one of the better candidates for building a 
quantum computer,” says Daniel Gottesman, a 
quantum researcher at the Perimeter Institute 
in Waterloo, Canada. 

The teams have achieved three-qubit entan-
glement in such a system, which is significant 
because three is the minimum number needed 
for quantum error correction — an essential 
attribute if quantum computers are ever to 
become practical. A quantum computer is 
susceptible to flipping its bits and losing infor-
mation. Measuring bits to check their values 
part way through a computation would destroy 
the superposition. But entangling each bit with 
two extra bits makes it possible to check two of 
those bits for errors while allowing the calcula-
tion to go forwards in the third. 

To construct their qubits, a team led by Rob 
Schoelkopf of Yale University in New Haven, 
Connecticut, used superconducting alumin-
ium wires cooled to within a degree of absolute 
zero. The circuits were linked so that voltage 

and current oscillations 
flowing through each 
one would influence the 
others, and the entangle-
ment was generated with 

a sequence of microwave bursts that changed 
the states of the circuits. The result was a kind 
of entanglement called a Greenberger–Horne–
Zeilinger (GHZ) state, in which the three 
qubits are in a superposition of all being zero, 
and all being one.

A second group, led by John Martinis of the 
University of California, Santa Barbara, also 
succeeded in creating the GHZ state, as well 
as a ‘W state’, in which the superposed states 
feature one qubit with a value of one and the 
other two with a zero.

Neither group has used their three entan-
gled bits to run quantum error correction yet. 
But Schoelkopf emphasizes that his group has 
already run another type of algorithm using 
two-qubit entanglement3. He adds that a future 
challenge will be finding a way to lengthen the 
lifetime of the qubits, which lose their informa-
tion within about 100 operations.

Emanuel Knill, an expert in quantum infor-
mation science at the National Institute of 
Standards and Technology in Boulder, Colo-
rado, isn’t sold on the approach, noting that it 
will be difficult to control multiple qubits from 
outside a refrigerator. But he says he’s happy to 
see that both groups prepared their quantum 
states with decent fidelities, meaning that the 
states are a good match to those the researchers 
intended to create. “The challenge,” he says, “is 
to scale up the number of gates and qubits.” ■

1. DiCarlo, L. et al. Nature 467, 574–578 (2010).
2. Neeley, M. et al. Nature 467, 570–573 (2010). 
3. DiCarlo, L. et al. Nature 460, 240–244 (2009).

p h y S i c S

Quantum computers 
move a step closer
Successes at entangling three-circuit systems brighten  
the prospects for solid-state quantum computing.  

A circuit of four superconducting qubits. Scientists 
have succeeded in entangling three of these. 

 Nature.com
Relativity comes 
down to Earth.
go.nature.com/GTStxu
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The coloured areas in the map below show the ocean 
realms studied during the ten-year Census of Marine Life.

AN OCEANIC INVENTORY

The full, interactive version can be found here: http://comlmaps.org/gallery/footprints

OPEN OCEAN Continental 
shelves; marine 
zooplankton; birds, whales 
and other migrating 
predators.

COASTAL Coral reefs; 
shallow waters close to 
shore; regional zones such 
as the Gulf of Maine.

DEEP SEA Vents and seeps; 
abyssal plains; seamounts; 
continental margins; 
mid-ocean ridges. 

POLAR The Arctic and 
Antarctic ‘ice oceans’.

GLOBAL INFORMATION 
AND ANALYSIS Microbes; 
oceans past; oceans 
future; the census 
information system.

I t  took just an hour and a half to get the ball rolling, says Jesse 
Ausubel, thinking back to the day in July 1996 when Frederick 
Grassle came to his office at the Marine Policy Center of the Woods 

Hole Oceanographic Institution in Massachusetts.
Grassle, a marine scientist at Rutgers, the State University of New 

Jersey in New Brunswick, had come armed with a year-old report 
from the US National Research Council highlighting just how little 
scientists understood about marine biodiversity. Even well-explored 
ecosystems such as coral reefs, temperate bays and estuaries contained 
vast numbers of undiscovered species, to say nothing of the unknown 
organisms lurking in remote, under-sampled areas such as the polar 
seas and hydrothermal vents. The report, which Grassle had helped to 
write, argued that there was an “urgent need” to expand such research, 
not least because it is so important for fish management and marine 
conservation.

Ausubel, who is vice-president of programmes for the Alfred P. Sloan 
Foundation in New York and an adjunct scientist at Woods Hole, was 
astounded. “I knew that the measurements of life, especially at the spe-
cies level, were not very good or plentiful,” he recalls. “But I learned from 

him that just the most basic things hadn’t been done.”
None of the usual government agencies seemed willing or able to 

tackle the problem, said Grassle, who had been doing his best to talk 
them into it. But the Sloan Foundation had a mandate to back ambitious 
projects that had trouble securing funding from traditional sources — 
which was why Grassle had come to see Ausubel.

“At the end of the conversation, we agreed that we should try to do 
something big,” says Ausubel.

That ‘something big’ — originally a fairly straightforward survey of 
marine fish — evolved into perhaps the largest and most expensive pro-
gramme of marine-biology research ever (see ‘An oceanic inventory’). The 
decade-long Census of Marine Life, which will officially conclude with 
the announcement of the full census on 4 October, ended up involving 
scientists from more than 80 countries, in studies not only of fish, but 
also of organisms such as sea birds, marine mammals, invertebrates and 
plankton. The scientific goals of the census are as simple as they are ambi-
tious: diversity, distribution and abundance. What lives in the sea? Where 
does it live? And how much of it is there? 

Granted, the project is still a long way from fully answering those 
questions; a multitude of gaps remains to be filled by future research. 
And there are doubts about how much of a future there will be: in many 
countries, marine census projects are still seeking continuing funding.

Nonetheless, the idea that Grassle and Ausubel concocted on that July 
day in 1996 “has exceeded our wildest dreams”, says Ronald O’Dor, a biol-
ogist at Dalhousie University in Halifax, Nova Scotia, Canada, echoing a 
sentiment widely expressed by census participants. Discoveries include a 
tubeworm that drills for oil in seeps at the bottom of the Gulf of Mexico, 
and then eats it; the finding that despite the 11,000 kilometres between 
the polar seas, at least 235 species are found in both; and the existence of 
a ‘brittlestar city’, in which tens of millions of starfish-like creatures live 

The ten-year Census for Marine Life is 
about to unveil its final results. But how 
deep did the $650-million project go?

Out Of the blue
B y  D a n i e l  C r e s s e y
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More than 5,000 species have been discovered since the start of the census. 
Here are some examples...HigHligHts from tHe Deep

Epimeria 
an amphipod 

crustacean; elephant 
island, antarctica.

Hydatinidae 
a gastropod discovered in a 
sperm-whale carcass; Cape 

nomamisaki, Japan.

Cydippid 
a ctenophore 
(comb jelly); 
arctic ocean.

Chromis abyssus 
an intensely blue fish that 
lives below 120 metres; 

Caroline islands, pacific ocean.

Eusirus 
a giant amphipod crustacean, 
nearly 10 centimetres long; 

Weddell sea, antarctica.

arm-tip to arm-tip atop a seamount south of New Zealand.
“The programme has produced, to date, more than 2,500 publications 

and has made accessible more than 30 million distributional records 
that are available to everyone,” says Ian Poiner, chief executive of the 
Australian Institute of Marine Science in Townsville, Queensland, and 
chair of the census’s scientific steering committee. “I would doubt we 
could be criticized for our contribution to science.” 

With Ausubel’s support, the Sloan Foundation eventually put some 
US$75 million into the census, which formally began in 2000. But that 
was only a down payment to cover the project’s organizational infra-
structure — the committees, meetings and interactions between the 
thousands of scientists worldwide. To fund the research itself, these 
scientists had to seek out further funding from their respective govern-
ments and other sources. The global, ten-year total comes to roughly 
$650 million.

all tHe fisH in tHe sea
The various national efforts were coordinated under 14 census field 
projects. One example was the Mid-Atlantic Ridge Ecosystem Project, 
which mapped the organisms living over and around the ridge using 
everything from manned submersibles and robotic gliders to more tra-
ditional fishing equipment such as trawl nets. Another was the Census 
of Marine Zooplankton, which used techniques ranging from DNA 
bar-coding to specially developed upwards-scanning sonar to monitor 
the roughly 6,800 species of plankton.

The census also included projects to understand the history of marine 
animals, and to model how they would be affected in the future by eco-
logical forces such as fishing and climate change. Most importantly, 
according to many participants, the census created an Ocean Biogeo-
graphic Information System database to hold the millions of records 
generated by the surveys.

Broadly speaking, says Ausubel, “the greatest advances of the census 
are in diversity, somewhat less in distribution”. When the full roster of 
results is unveiled next month, those advances will include at least 5,000 
new species — many of them strikingly photogenic (see ‘Highlights 
from the deep’) — and the publication of many new range maps.

But the results on abundance have been patchy. “Abundance is the 
hardest,” says Ausubel. First the species have to be discovered, then 
enough observational data have to be collected to create a range map, and 
then more data are needed on the numbers. Only then can an estimate 
of biomass be extrapolated.

This incompleteness has fuelled critics of the census, who fault its 
decentralized organization and the huge number of broad projects that 
resulted. “Unfocused”, is the sceptical summary of Alan Longhurst, a 
retired marine biologist and author of Ecological Geography of the Sea.

Perhaps so, says Paul Snelgrove, an oceanographer at the Memorial 
University of Newfoundland in St John’s, Canada, and chair of the cen-
sus synthesis group. But without the census, Snelgrove argues, the vari-
ous national survey projects might have been performed “on a smaller 

scale and also more in a haphazard fashion” — if at all.
The census was “a bit of a roulette”, says Carlo Heip, general director of 

the Royal Netherlands Institute for Sea Research in Texel and a member 
of the census’s scientific steering committee. “It was not precise plan-
ning of what was going to be funded or not.” But Heip maintains that 
there were no major gaps in the census, as the committee made a point 
of identifying key individuals in the various countries with the power to 
get proposals financed in priority areas.

Some census participants even hold up its decentralized structure as a 
model for future big science projects. It does offer practical advantages, 
says Niki Vermeulen, who researches scientific collaboration in biology 
at the University of Vienna in Austria, and who studied the census for 
her book, Supersizing Science. She says that large international research 
projects often falter because of the desire of member countries to fund 
only their own researchers. “The census structure at least provides a way 
of solving that issue,” she says. “To say, ‘Okay, we do the global coordina-
tion from separate money, and for the research projects we can still go 
to the national funding.’”

Looking back on it, says Ausubel, “have we done everything that the 
public expects a census to do? Probably not.” But the creation of the 
framework is “historic”, he says. “That in itself is huge.”

“I don’t think ten years is the time we should be assessing it,” agrees 
James Sanchirico, who studies marine management at the University 
of California, Davis. “Maybe it’s at 20 years you can look back and say, 
what has been the impact?” he says, once it has become clear how the 
data have been used by scientists and decision-makers alike.

Meanwhile, most of the scientists involved in the first census would 
like to see a second. Without it, the collaborative framework they built 
in the first decade — which many cite as the census’s most valuable 
achievement — could begin to dissipate. “Unless we find a sugar daddy 
who is committed to holding these projects together,” says O’Dor, 
“they’re going to drift farther and farther apart.”

But the Sloan Foundation has always been clear that its funding would 
not continue beyond ten years. And no other organization has, as yet, 
agreed to take its place.

Complicating the situation is the fact that there are two very different 
possibilities for future work in this area, says O’Dor. One is to repeat 
the census over another ten-year period to monitor how the known 
populations change. The other is to continue looking for more species. 
Although O’Dor says he can put a back-of-the-envelope figure of “a 
few hundred million dollars” on the first option, there is no real limit 
on the money scientists could spend on the second. “These two jobs are 
competing with each other,” says O’Dor — and the community has yet 
to agree how to divide the available funding between them.

Grassle, who is on a quest to find support for a repeat census, is 
undaunted. “Somehow it will happen,” he insists. “The rewards are too 
great to ignore it.” ■

Daniel Cressey is a reporter for Nature.
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SABOTAGE!
It is sentencing day at Washtenaw County Courthouse, a drab struc-

ture of stained grey stone and tinted glass a few blocks from the main 
campus of the University of Michigan in Ann Arbor. Judge Elizabeth 

Pollard Hines has doled out probation and fines for drunk and disor-
derly conduct, shoplifting and other mundane crimes on this warm July 
morning. But one case, number 10-0596, is still waiting. Vipul Bhrigu, 
a former postdoc at the university’s Comprehensive Cancer Center, 
wears a dark-blue three-buttoned suit and a pinched expression as he 
cups his pregnant wife’s hand in both of his. When Pollard Hines calls 
Bhrigu’s case to order, she has stern words for him: “I was inclined to 
send you to jail when I came out here this morning.” 

Bhrigu, over the course of several months at Michigan, had meticu-
lously and systematically sabotaged the work of Heather Ames, a gradu-
ate student in his lab, by tampering with her experiments and poisoning 
her cell-culture media. Captured on hidden camera, Bhrigu confessed 
to university police in April and pleaded guilty to malicious destruction 
of personal property, a misdemeanour that apparently usually involves 
cars: in the spaces for make and model on the police report, the arresting 

experiments to get ahead. It took a hidden camera to expose 

a little-known, malicious side of science.

b y  b r e n d a n  M a h e r

Postdoc Vipul Bhrigu destroyed a colleague’s
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officer wrote “lab research” and “cells”. Bhrigu has said on multiple occa-
sions that he was compelled by “internal pressure” and had hoped to 
slow down Ames’s work. Speaking earlier this month, he was contrite. 
“It was a complete lack of moral judgement on my part,” he said. 

Bhrigu’s actions are surprising, but probably not unique. There are 
few firm numbers showing the prevalence of research sabotage, but con-
versations with graduate students, postdocs and research-misconduct 
experts suggest that such misdeeds occur elsewhere, and that most go 
un reported or unpoliced. In this case, the episode set back research, 
wasted potentially tens of thousands of dollars and terrorized a young 
student. More broadly, acts such as Bhrigu’s — along with more subtle 
actions to hold back or derail colleagues’ work — have a toxic effect on 
science and scientists. They are an affront to the implicit trust between 
scientists that is necessary for research endeavours to exist and thrive. 

Despite all this, there is little to prevent perpetrators re-entering 
science. In the United States, federal bodies that provide research 
funding have limited ability and inclination to take action in sabotage 
cases because they aren’t interpreted as fitting the federal definition of 
research misconduct, which is limited to plagiarism, fabrication and 
falsification of research data. In Bhrigu’s case, administrators at the 
University of Michigan worked with police to investigate, thanks in 
part to the persistence of Ames and her supervisor, Theo Ross. 

“The question is, how many universities have such procedures 
in place that scientists can go and get that kind of support?” says  
Christine Boesz, former inspector-general for the US National Science 
Foundation in Arlington, Virginia, and now a consultant on scientific 
accountability. “Most universities I was familiar with would not neces-
sarily be so responsive.” 

First suspicions
Ames, an MD PhD student, first noticed a problem with her research 
on 12 December 2009. As part of a study on the epidermal growth 
factor receptor, a protein involved in some cancers, she was running 
a western blot assay to confirm the presence of proteins in a sample. 
It was a routine protocol. But when she looked at the blot, four of her 
six samples seemed to be out of order — the pattern of bands that she 
expected to see in one lane appeared in another. Five days later, it hap-
pened again. “I thought, technically it could have been my mistake, but 
it was weird that they had gone wrong in exactly the same way,” says 
Ames. The only explanation, she reasoned, was that the labelled lids 
for her cell cultures had been swapped, and she immediately wondered 
whether someone was sabotaging her work. To be safe, she devised a 
workaround: writing directly on the bottoms of the culture dishes so 
that the lids could not be switched.

Next, Ames started having an issue with the western blots them-
selves. She saw an additional protein in the sample lanes, showing that 
an extra antibody was staining the blot. Once again, it could have been 
a mistake, but it happened twice. “I started going over to my fiancé’s 
lab and running blots overnight there,” she says. As the problems 
mounted, Ames was getting agitated. She was certain that someone 
was monkeying with her experiments, but she had no proof and no 
suspect. Her close friends suggested that she was being paranoid.

Some labs are known to be hyper-competitive, with principal inves-
tigators pitting postdocs against each other. But Ross’s lab is a small, 
collegial place. At the time that Ames was noticing problems, it housed 
just one other graduate student, a few undergraduates doing projects, 
and the lab manager, Katherine Oravecz-Wilson, a nine-year veteran 
of the lab whom Ross calls her “eyes and ears”. And then there was 
Bhrigu, an amiable postdoc who had joined the lab in April 2009. 

Bhrigu had come to the United States from India in 2003, and 
completed his PhD at the University of Toledo, Ohio, under cancer 
biologist James Trempe. “He was an average student,” says Trempe. “I 
wouldn’t say that he was a star in the lab, but there was nothing that 
would make me question the work that he did.” Ross thought Bhrigu 
would be a good fit with her lab — friendly, talkative, up on current 
trends in the field. Ames says that she liked Bhrigu and at the time had 

little reason to suspect him. “He was one of the last people I would have 
suspected didn’t like me,” she says.

On Sunday 28 February 2010, Ames encountered what she thought 
was another attempt to sabotage her work. She was replacing the media 
on her cells and immediately noticed that something wasn’t right. The 
cells were “just dripping off the plate”, as if they’d been hit with something 
caustic. She pulled the bottle of medium out from the fume hood and 
looked at it. Translucent ripples, like those that appear when adding water 
to whisky, were visible in the dark red medium. When she sniffed it, the 
smell of alcohol was overpowering. This, she thought, was the proof she 
needed. “It was clearly not my mistake,” says Ames. 

She fired off an e-mail to Ross. “I just found pretty convincing evi-
dence that somebody is trying to sabotage my experiments,” she wrote. 
Ross came and sniffed the medium too. She agreed that it didn’t smell 
right, but she didn’t know what to think.

LAB inVEstiGAtion
Some people whom Ross consulted with tried to convince her that 
Ames was hitting a rough patch in her work and looking for someone 
else to blame. But Ames was persistent, so Ross took the matter to the 
university’s office of regulatory affairs, which advises on a wide variety 
of rules and regulations pertaining to research and clinical care. Ray 
Hutchinson, associate dean of the office, and Patricia Ward, its direc-
tor, had never dealt with anything like it before. After several meet-
ings and two more instances of alcohol in the media, Ward contacted 
the department of public safety — the university’s police force — on  
9 March. They immediately launched an investigation — into Ames 
herself. She endured two interrogations and a lie-detector test before 
investigators decided to look elsewhere. 

At 4:00 a.m. on Sunday 18 April, officers installed two cameras in the 
lab: one in the cold room where Ames’s blots had been contaminated, 
and one above the refrigerator where she stored her media. Ames came 
in that day and worked until 5:00 p.m. On Monday morning at around 
10:15, she found that her medium had been spiked again. When Ross 
reviewed the tapes of the intervening hours with Richard Zavala, the 
officer assigned to the case, she says that her heart sank. Bhrigu entered 
the lab at 9:00 a.m. on Monday and pulled out the culture media that 
he would use for the day. He then returned to the fridge with a spray 
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bottle of ethanol, usually used to sterilize lab benches. With his back 
to the camera, he rummaged through the fridge for 46 seconds. Ross 
couldn’t be sure what he was doing, but it didn’t look good.

Zavala escorted Bhrigu to the campus police department for ques-
tioning. When he told Bhrigu about the cameras in the lab, the postdoc 
asked for a drink of water and then confessed. He said that he had been 
sabotaging Ames’s work since February. (He denies involvement in the 
December and January incidents.) 

MotiVEs For Misconduct 
Misbehaviour in science is nothing new — but its frequency is difficult 
to measure. Daniele Fanelli at the University of Edinburgh, UK, who 
studies research misconduct, says that overtly malicious offences such 
as Bhrigu’s are probably infrequent, but other forms of indecency and 
sabotage are likely to be more common. “A lot more would be the kind 
of thing you couldn’t capture on camera,” he says. Vindictive peer review, 
dishonest reference letters and withholding key aspects of protocols 
from colleagues or competitors can do just as much to derail a career 
or a research project as vandalizing experiments. These are just a few of 
the questionable practices that seem quite widespread in science, but are 
not technically considered misconduct. In a meta-analysis of miscon-
duct surveys, published last year (D. Fanelli PLoS ONE 4, e5738; 2009), 
Fanelli found that up to one-third of scientists admit to offences that fall 
into this grey area, and up to 70% say that they have observed them. 

Some say that the structure of the scientific enterprise is to blame. The 
big rewards — tenured positions, grants, papers in stellar journals — are 
won through competition. To get ahead, researchers need only be better 
than those they are competing with. That ethos, says Brian Martinson, 
a sociologist at HealthPartners Research Foundation in Minneapolis, 
Minnesota, can lead to sabotage. He and others have suggested that uni-
versities and funders need to acknowledge the pressures in the research 
system and try to ease them by means of education and rehabilitation, 
rather than simply punishing perpetrators after the fact.

But did rivalry drive Bhrigu? He and Ames were collaborating on 
one of their projects, but they were not in direct competition. Chiron 
Graves, a former graduate student in Ross’s lab who helped Bhrigu 
learn techniques, says that Ross is passionate but didn’t put undue 
stress on her personnel. “The pressures that exist in the system as 

a whole are somewhat relieved in Theo’s lab,” says Graves, now an 
assistant professor running a teacher-education programme at Eastern 
Michigan University in Ypsilanti. “Her take was to do good science.”

Bhrigu says that he felt pressure in moving from the small college at 
Toledo to the much bigger one in Michigan. He says that some criti-
cisms he received from Ross about his incomplete training and his work 
habits frustrated him, but he doesn’t blame his actions on that. “In any 
kind of workplace there is bound to be some pressure,” he says. “I just 
got jealous of others moving ahead and I wanted to slow them down.” 

criME And punisHMEnt
At Washtenaw County Courthouse in July, having reviewed the case 
files, Pollard Hines delivered Bhrigu’s sentence. She ordered him to pay 
around US$8,800 for reagents and experimental materials, plus $600 
in court fees and fines — and to serve six months’ probation, perform  
40 hours of community service and undergo a psychiatric evaluation. 

But the threat of a worse sentence hung over Bhrigu’s head. At the 
request of the prosecutor, Ross had prepared a more detailed list of dam-
ages, including Bhrigu’s entire salary, half of Ames’s, six months’ salary 
for a technician to help Ames get back up to speed, and a quarter of the 
lab’s reagents. The court arrived at a possible figure of $72,000, with the 
final amount to be decided upon at a restitution hearing in September. 

Before that hearing could take place, however, Bhrigu and his wife 
left the country for India. Bhrigu says his visa was contingent upon 
having a job. A new hearing has been scheduled for October in which 
the case for restitution will be heard alongside arguments that Bhrigu 
has violated his probation. 

Ross, though, is happy that the ordeal is largely over. For the month-
and-a-half of the investigation, she became reluctant to take on new 
students or to hire personnel. She says she considered packing up her 
research programme. She even questioned her own sanity, worrying 
that she was the one sabotaging Ames’s work via “an alternate person-
ality”. Ross now wonders if she was too trusting, and urges other lab 
heads to “realize that the whole spectrum of humanity is in your lab. 
So, when someone complains to you, take it seriously.” 

She also urges others to speak up when wrongdoing is discovered. 
After Bhrigu pleaded guilty in June, Ross called Trempe at the University 
of Toledo. He was shocked, of course, and for more than one reason. His 
department at Toledo had actually re-hired Bhrigu. Bhrigu says that he 
lied about the reason he left Michigan, blaming it on disagreements with 
Ross. Toledo let Bhrigu go in July, not long after Ross’s call.

Now that Bhrigu is in India, there is little to prevent him from get-
ting back into science. And even if he were in the United States, there 
wouldn’t be much to stop him. The National Institutes of Health in 
Bethesda, Maryland, through its Office of Research Integrity, will some-
times bar an individual from receiving federal research funds for a time 
if they are found guilty of misconduct. But Bhigru probably won’t face 
that prospect because his actions don’t fit the federal definition of mis-
conduct, a situation Ross finds strange. “All scientists will tell you that it’s 
scientific misconduct because it’s tampering with data,” she says. 

Still, more immediate concerns are keeping Ross busy. Bhrigu was in 
her lab for about a year, and everything he did will have to be repeated. 
Reagents that he used have been double-checked or thrown away. 
Ames says her work was set back five or six months, but she expects 
to finish her PhD in the spring.

For her part, Ames says that the experience shook her trust in her 
chosen profession. “I did have doubts about continuing with science. It 
hurt my idea of science as a community that works together, builds upon 
each other’s work and collaborates.” Nevertheless, she has begun to use 
her experience to help teach others, and has given a seminar about the 
experience, with Ross, to new graduate students. She says that the assist-
ance she got from Ross and others helped her cope with the ordeal.

“It did help restore the trust,” she says. “In a sense I was lucky that 
we could catch it.” ■

Brendan Maher is Nature’s biology features editor.
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The lost correspondence  
of Francis Crick

Alexander Gann and Jan Witkowski unveil newly found letters between key players in 
the DNA story. Strained relationships and vivid personalities leap off the pages.

In the summer of 1975, James Watson wrote to Francis Crick  
proposing that something be published on the story of the RNA Tie 
Club, an informal group of 24 members who exchanged ideas about 

RNA and the genetic code. Crick responded, on 16 July: “Almost all my 
own early correspondence was unfortunately thrown away without 
my knowledge by an over-efficient secretary.” The Wellcome Library 
in London, which acquired the majority of Crick’s professional papers 
from him in 2001, also quote this passage and warn that: “Researchers 
should note that there has been some loss of early correspondence.” 

It turns out that this lost correspondence was never thrown out, but 
became mixed in with Sydney Brenner’s papers. Brenner and Crick 
shared an office in Cambridge from 1956 to 1977. They moved offices 
and buildings several times — from the Cavendish Laboratory to the 
‘Hut’ to the new Medical Research Council (MRC) Laboratory of 
Molecular Biology (LMB), and between offices within the LMB. It is 
not surprising that some of Crick’s correspondence became intermin-
gled with Brenner’s papers. A line in a 1961 letter from Crick to the 

eminent phage geneticist Waclaw Szybalski supports this conjecture: 
“Do forgive me for not replying earlier to your letter of 15th Decem-
ber, but it arrived at Christmas time and got mislaid among Sydney 
Brenner’s papers.” 

Earlier this year, we found the missing correspondence in the papers 
that Brenner donated to the Cold Spring Harbor Laboratory Library 
archives. The extensive Crick material, nine archive boxes of cor-
respondence, photographs, postcards, preprints, reprints, meeting 
programmes, notes and newspaper cuttings, dates from 1950 to 1976, 
the bulk from the mid-1950s to the mid-1960s. (The catalogue of the 
complete Brenner Collection is at go.nature.com/6mYBhP.) 

The letters of greatest interest, unveiled here for the first time, 
are those between Crick and Maurice Wilkins when they were both 
searching for the structure of DNA. They reveal telling details of the 
relations between the rival parties, and give vivid insights into the per-
sonalities involved. There is also previously unknown correspondence 
to and from other key players in the development of molecular biology. 
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Most relevant to Watson’s 1975 enquiry about the RNA Tie Club are 
30 letters between Crick and George Gamow, the club’s founder. Other 
significant contributors include Alexander Rich, Leó Szilárd, Gunther 
Stent, Sol Spiegelman, Seymour Benzer, Charles Yanofsky, Paul Berg, 
Marianne Grunberg-Manago and Mahlon Hoagland. 

The collection also includes letters on broader topics. One exchange, 
from 1963, is with C. P. Snow on his idea that the DNA story should 
be written up for a general audience (this was five years before Watson 
published The Double Helix1). Another is with J. Robert Oppenheimer 
about having molecular biologists join the Institute for Advanced Study 
in Princeton, New Jersey. Nature writes for advice on who should 
replace editor John Maddox the first time, in 1973. R. W. Burchfield, 
editor of the Oxford English Dictionary, writes in 1964 for information 
about the word ‘codon’. There are jokey postcards from friends, letters 
Crick marked to be filed under “lunatic” and two from Peter Wright, 
of Spycatcher fame, requesting a meeting in October 1962 to discuss an 
unidentified “confidential matter”, to which Crick consents. The archive 
contains carbon copies of some of Crick’s outgoing correspondence.

Crick’s witty responses to requests are exemplified by this letter to  
D. C. Martin, executive secretary of the Royal Society, on 22 September 1967:

Dear Martin,
If we had to produce a caricature of the sort of visitor we do 

not like to have it would be someone working in a different field 
from ours, offering to give a lecture on a subject in which we are 
not interested, and being unable to speak English. Unfortunately 
Professor P------ manages to fulfil all these requirements. I am sure 
you will understand, therefore, that we feel there is little point in 
his paying us a visit.

Yours sincerely
F. H. C. Crick

the crick–Wilkins correspondence 
Thirty-four of the new-found letters (and three postcards) are between 
Crick and Wilkins from 1951 to 1964; eleven were written between 1951 
and 1953, as the structure of DNA was being pursued by Wilkins and 
Rosalind Franklin at King’s College London and by Watson and Crick 
at the Cavendish Laboratory in Cambridge. Only one of these letters 
has previously been quoted or referred to in print — and that only as a 
short extract in Wilkins’s book The Third Man of the Double Helix2. The 
letters from this period are predominantly handwritten; presumably 
no other copies exist. We have selected quotations most relevant to the 
DNA story, including the authors’ insertions, but we have not attempted 
to reproduce deleted text. However, words underlined in the original 
texts are underlined here and we have retained the original spellings; 

for example, Franklin is referred to as both Rosy and Rosie. 
This recovered correspondence gives us a more nuanced sense of 

the interactions between the principal players in this most famous of 
scientific stories (see ‘Cast list’). Throughout, we find letters that call 
to mind Brenda Maddox’s line: “History can be grateful, for Wilkins 
penned another of his vivid letters.”3

Each of the new letters can be linked to one of four important stages 
on the path to discovering and publishing the structure of DNA; we 
take these stages in turn. 

december 1951: the fiasco of the first model
On 21 November 1951, Franklin described her latest results in a  
colloquium at King’s. Watson attended but left mistaken over the 
amount of water in the DNA structure — a misapprehension he 
passed on to Crick when they met at Paddington railway station en 
route to Oxford, where Crick wanted to discuss helical diffraction 
theory with Dorothy Hodgkin. 

Watson’s order-of-magnitude underestimate of the water content led 
Crick to believe that there were very few possible structures for DNA and 
the right one might be found through model building alone. In a week 
they had a model that satisfied the apparent restrictions and invited the 
people at King’s to come and see the “clever thing” they had done. As 
soon as Franklin saw the model — a triple helix with the bases on the 
outside, the chains held together through electrostatic bridges between 
sodium ions and the phosphate groups — she knew it was wrong. 

This debacle precipitated a moratorium on further DNA work for 
Watson and Crick, who were doing no experimental work of their 
own. By most accounts, John Randall, the head of the MRC unit at 
King’s, and William Lawrence Bragg, his equivalent at the Cavendish, 
called this halt after a quiet chat3–5. But the recovered papers reveal 
correspondence between Wilkins and Crick in parallel to — perhaps 
even in place of — direct communication between Randall and Bragg. 
Thus, on 11 December 1951 we find a typed letter from Wilkins to 
Crick, which, despite a friendly opening — “My dear Francis” — soon 
adopts a rather formal tone: 

I am afraid the average vote of opinion here, most reluctantly and 
with many regrets, is against your proposal to continue the work on 
n.a. [nucleic acids] in Cambridge. An argument here is put forward 
to show that your ideas are derived directly from statements made 
in the colloquium and this seems to me as convincing as your own 
argument that your approach is quite out of the blue ...

… I think it most important that an understanding be reached 
such that all members of our laboratory can feel in future, as in the 
past, free to discuss their work and interchange ideas with you and 
your laboratory. We are two M.R.C. Units and two Physics Depart-
ments with many connections. I personally feel that I have much to 
gain by discussing my own work with you and after your attitude on 
Saturday begin to have very slight uneasy feelings in this respect. 

Maurice Wilkins: the ‘third man of the double helix’.

Letters between Francis Crick and Maurice Wilkins reveal their  
contrasting characters.
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Wilkins admits that if Watson and Crick were working in a laboratory  
remote from King’s it would be a different matter, and that if the  
Cavendish people feel this stance unfair they should let the King’s 
unit know. Wilkins suggests that Crick show the letter to Max Perutz 
(and by that route, perhaps it would go to Bragg as well) and that he 
is at Randall’s request letting him have a copy. The strong sense that 
Wilkins is mediating between Randall and the Cavendish is reinforced 
by a distinctly less formal, handwritten letter, sent the same day, clearly 
free from Randall’s oversight: 

Dear Francis, This is just to say how bloody browned off I am 
entirely & how rotten I feel about it all & how entirely friendly I am 
(though it may possibly appear differently). We are really between 
forces which may grind all of us into little pieces … I had to restrain 
Randall from writing to Bragg complaining about your behaviour. 
Needless to say I did restrain him, but so far as your security with 
Bragg is concerned it is probably much more important to pipe 
down & build up the idea of a quiet steady worker who never creates  
‘situations’ than to collect all the credit for your excellent ideas at the 
expense of good will. 

And you see it does make me a bit confused about our discussions 
if you get too interested in everything which is important; where I 
say confused I mean confused, I am now largely incapable of any 
logical thinking in relation to polynucleotide chains or anything. 

And poor Jim — may I shed a crocodile & very confused tear?

Wilkins ends with regards to his friend John Kendrew and as an after-
thought at the top of the letter he adds: “(possibly you might like to show 
this to John)”. Wilkins saw Kendrew, a senior figure at the Cavendish, as a 
sympathetic and skilled mediator2. Wilkins may have believed that Kend-
rew could help things behind the scenes; or perhaps he merely wanted to 
be sure that his friend knew his true feelings and role in the affair. 

A handwritten, heavily corrected, draft reply from Crick and Watson 
to Wilkins dated two days later on 13 December 1951 begins: 

Dear Maurice,
Just a brief note to thank you for the letters and to try to cheer 

you up. We think the best thing to get things straight is for us to send 
you a letter setting out in a mild manner our point of view. This will 
take a day or so to do, so we hope you’ll excuse the delay. Please don’t 

Cavendish Laboratory, Cambridge
William Lawrence Bragg: at 25 
years old, bragg shared the 1915 
nobel prize for physics with his 
father for the development of X-ray 

diffraction. He remains the youngest person 
to win a nobel prize. When Watson arrived in 
Cambridge in 1951, bragg was Cavendish 
professor of physics, directing perutz, Kendrew 
and Crick. He moved to the royal institution 
in 1954. in 1968 bragg wrote the foreword to 
Watson’s The Double Helix, without which the 
book may not have been published. 

Max Perutz: joined the Cavendish 
laboratory in 1936 and spent  
25 years determining the structure 
of haemoglobin, for which he 

shared the 1962 nobel prize in Chemistry 
with Kendrew. as Crick’s phd supervisor, 
he often interceded with bragg on Crick’s 
behalf. perutz was director of the MrC’s 
laboratory of Molecular biology from its 
inception in 1962 until his retirement in 1979.

John Kendrew: joined in 1945 
and determined the structure 
of myoglobin, sharing the 1962 
nobel prize in Chemistry with 

perutz. later Kendrew was an important 
advocate for molecular biology. He was one 
of the founders of the european Molecular 
biology organization and the first director of 
the european Molecular biology laboratory.

Francis Crick: was 33 and still 
without a phd when he arrived 
at the Cavendish in 1949. He 
quickly established himself as 

a theoretician and, following the discovery 
of the double helix, he played a central part 
in unravelling the genetic code. in 1977, he 
moved to the Salk institute in San diego, 
California, where he studied consciousness. 

James D. Watson: arrived at 
the Cavendish in 1951 having 
become convinced by Wilkins’s 
diffraction patterns of dna that 

crystallography was the way to the gene. 
He quickly formed a close partnership 
with Crick. in 1968, Watson published 
The Double Helix, his best-seller about this 
period. after building a department at 
Harvard University, he became director of 
Cold Spring Harbor laboratory and the first 
director of the Human genome project. 

King’s College London 
John Randall: professor of 
physics 1941–70. He established 
and directed the MrC biophysics 
research Unit that included 

Wilkins, Franklin and gosling. randall wrote 
to Franklin while she was in paris telling her 
that she would have sole control of the dna 
research at King’s. this set up the disastrous 
misunderstanding with Wilkins who believed 
from randall that Franklin and he would be 
working together on dna.

Maurice Wilkins: accompanied 
randall to King’s College in 1941. 
He began work on dna in 1950 
and produced, with graduate 

student gosling, the best X-ray diffraction 
images of dna taken up to that time. Having 
met Crick in 1946, they later became good 

friends, and shared, with Watson, the1962 
nobel prize in physiology or Medicine.

Rosalind Franklin: came to King’s 
College in 1951. She had been 
recruited to work on proteins 
but was reassigned by randall 

to work on dna. Wilkins believed she was 
joining his group and this misunderstanding 
poisoned their relationship. Franklin and 
gosling discovered the transition between the 
a and b forms of dna, and took the famous 
photograph 51. at birkbeck College in london 
from 1953, Franklin did outstanding work on 
the structure of tobacco mosaic virus. She died 
of cancer in 1958, and thus was not eligible for 
consideration for the 1962 nobel prize. 

Raymond Gosling: was originally 
Wilkins’s graduate student in 
1949 and was reassigned to 
Franklin in 1951.

California Institute of Technology
Linus Pauling: was the winner of 
two nobel prizes, one for chemistry 
(1954), the other for peace (1962) 
and author of the classic book, 

The Nature of the Chemical Bond, which Crick 
gave Watson for Christmas 1951. the arch-
proponent of model building as a way to solve 
structures, in 1951 he used this approach 
to dazzling effect in deriving the α-helix and 
β-sheet, fundamental structural features of 
proteins. this was a bitter blow to bragg: the 
Cavendish group had published an incorrect 
structure only six months earlier. pauling’s son 
peter did his phd at the Cavendish during the 
hunt for the dna structure.

C a s T  L i s T
The search for the structure of DNA
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worry about it, because we’ve all agreed that we must come to an 
amicable arrangement. 

They point out that Wilkins is in a “fortunate position” — that in 
a short time “it is extremely probable” that his unit will have solved 
one of the “key problems in biomolecular structure”. Thereafter, a few 
crossed-out lines include the following: “By doing so you will have 
opened the door to many of the really crucial biological problems”. 

But in place of such high sentiments, the letter instead ends with: 

...so cheer up and take it from us that even if we kicked you in 
the pants it was between friends. We hope our burglary will at least 
produce a united front in your group! 

Yours ever 
Francis
Jim

These three dispatches highlight the different moods and styles of 
the two camps — the agonised tone of Wilkins’s letters and the cavalier  
ring of Watson and Crick’s reply, even at this low point for the  
Cambridge team, with its reminder that the group at King’s was already 
divided and dysfunctional.

January 1953: return to model building
On 28 January 1953, a manuscript from Linus Pauling (see ‘Cast list’), 
describing his incorrect triple helix model for DNA, arrived at the 
Cavendish, and two days after that Watson visited King’s with Pauling’s 
manuscript in hand to show Wilkins and Franklin. Watson had his 
infamous altercation with “Rosy”1, and was shown the crucial Photo-
graph 51 by Wilkins. Although taken by Franklin months earlier in 
May 1952, this X-ray diffraction photograph of B-form DNA, with its 
unambiguous evidence that DNA was helical, had only recently been 
given to Wilkins by graduate student Raymond Gosling, as Franklin 
was leaving for Birkbeck College in London. 

Faced with the possibility that Pauling might solve one of the “really 
big problems in biology”, Bragg authorized Watson and Crick to start 
model building again. Bragg was still smarting from Pauling’s success 
just two years earlier in discovering the protein structural motifs, the 
α-helix and β-sheet. 

These events are foreshadowed in a handwritten letter from Wilkins 
to Crick, dated “Fri”, most likely to be 23 January 1953. It discusses 
Franklin’s upcoming colloquium on 28 January — her last at King’s. 
She was to summarize her data before handing over her materials 
to Wilkins and moving to J. D. Bernal’s group at Birkbeck College. 
Unsurprisingly, Watson and Crick wanted to attend; Wilkins struggles 
to explain why he has put them off: 

There is also a silly muddle over Franklin’s talk here. I got a big 
notice saying it was internal only — just a discussion between  
colleagues who worked in the same lab. Then a lot of notices went 
round about the Colloquium & I took it for granted all had had the 
other note... I think that as the intention was to have it a private 
fight it would be best to keep it entirely so, as I said to Jim. It should 
be either public or private. Let’s have some talks afterwards when 
the air is a little clearer. I hope the smoke of witchcraft will soon be 
getting out of our eyes. 

This “witchcraft” line, referring to Franklin’s imminent departure 
from King’s, is likely to find its place in the canon of well-known allu-
sions to her. With the quest for the structure of DNA poised for its 
final act, the postscript of this letter again notes the dismal morale and 
crippled state of communications at King’s: 

PS. Tell Jim the answer to his question ‘When did you last speak 
to her’ is this morning. The entire conversation consisted of one 
word from me. 

A letter from chemist John Griffith to Crick ends this chapter of our 
story. Handwritten and dated 2 March 1953, it describes a second set 
of calculations, performed at Crick’s request (Crick asked him for the 
first set in 1952) on stacking interactions between bases. Griffith writes 
that “depressingly”, the base adenine repulses uracil — the base found 
only in RNA. Is it possible Crick was already thinking about how RNA 
might be made on a DNA template? 

march 1953: Writing up the papers 
Watson and Crick announced their double-helical model in one of a 
group of three papers in Nature on 25 April. The other two — from 
Wilkins and from Franklin — presented supporting X-ray diffraction 
data from the King’s group. Four notable letters are concerned with 
how this publishing solution was arrived at. 

Watson and Crick quickly wrote their own paper and sent a copy to 
Wilkins on 17 March. Two new-found letters in Crick’s handwriting, on a 
single sheet of paper, shed light on this first move. On one side is the draft 
of a letter to Wilkins to accompany Watson and Crick’s manuscript:

Dear Maurice,
I enclose a draft of our letter. As it has not yet been seen by 

Bragg I would be grateful if you did not show it to anyone else. The 
object of sending it to you at this stage is to obtain your approval 
of two points: 

a) the reference number 8 to your unpublished work. 
b) the acknowledgement.
If you would like either of these rewritten, please let us know. If 

we don’t hear from you within a day or so we shall assume that you 
have no objection to their present form.

Jim has gone to Paris, lucky dog
Yours 

Clearly Watson and Crick were eager to submit their letter to Nature 
as soon as possible, and did not anticipate that either Wilkins or Fran-
klin would be publishing anything at this stage. Wilkins had already 
declined Watson and Crick’s offer of co-authorship when he had  
visited Cambridge to view the new model on 13 March. (This date is 
consistent with the accounts given by Wilkins2, Watson1 and Robert 
Olby4,6, but at variance with Horace Judson’s description5). 

On the reverse of the same sheet of paper is a draft letter to  
A. J. V. Gale, one of the two editors of Nature. Presumably the Caven-
dish Laboratory had a closer relationship with Gale, the editor who 

Rosalind ‘Rosy’ Franklin’s X-ray diffraction photographs proved crucial to 
determining the structure of DNA.
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handled manuscripts in the physical sciences, than with L. J. F. (‘Jack’) 
Brimble who handled the biological submissions. 

Dear Gale,
Not long ago you published a short letter from Pauling & Corey 

on nucleic acid. We have also been working on this problem & we 
would be grateful if you could do the same for us. The letter, entitled 
“A structure for D.N.A.” is enclosed.

We have shown the letter in draft to Wilkins. It was agreed that 
rather than collaborate in testing our structure on their data, we 
would publish the structure by ourselves, and they would check it 
later against their data.

Both Prof Bragg & Perutz have read the letter and have approved 
our sending it to you. We would be grateful if you could give us a 
rough idea if & when you are likely to be able to publish it.

Yours sincerely
J. D. W
Francis 

This draft reaffirms how Crick then saw the situation. He expected 
that the double-helix model would be published right away, to be 
followed later, and independently, by data from King’s testing of the 
model. It is unlikely that Watson and Crick ever sent such a letter to 
Gale. In the end it was apparently Bragg who submitted the paper to 
Nature two weeks later. 

Despite Crick’s expectations, the day after Wilkins 
received the draft manuscript from Watson and 
Crick, he wrote to say that the two King’s groups 
would be sending papers to Nature as well, in 
a famous letter beginning: “I think you’re a 
couple of old rogues”4. The subsequent dis-
cussions over the wording and content of the 
three papers, and the possibility of a fourth 
paper (to appear elsewhere) by Bruce Fra-
ser, a research student at King’s, are familiar 
from known correspondence. Now two new 
handwritten letters from Wilkins to Crick 
flesh out the story. 

One, brief and undated, clearly accompa-
nied a draft of Wilkins’s own manuscript and 
was perhaps handed over rather than mailed. It 
seems to have been written under the assumption 
that Crick would receive it before that very evening: 

Dear Francis,
Herewith almost uncorrected draft. How should we 

refer to your note? Welcome suggestions & [illegible] 
acknowledgements. 

It looks very much as though I will be too late tonight so maybe 
we had better cancel the supper idea which is a pity but anyway I 
got the bloody thing finished. 

Have you a structure for collagen yet? 

This last remark is probably sarcasm. Crick attended a meeting on 
the structure of collagen in London on 27 March organized by Randall. 
Only two weeks after beating King’s to the DNA structure, Crick weighed 
in with uninvited interpretations of the King’s collagen data, much to  
Randall’s displeasure6. Although 27 March is close to the publishing date, 
perhaps Wilkins’ note was accompanying a final draft of his DNA manu-
script, and was sent or handed to Crick in London after this meeting. 

The second new letter from Wilkins to Crick is dated “Mon”, most 
likely 23 March, and was written in response to a long letter from Crick6. 
First, Crick had voiced concern that Franklin was hoping to see Pauling 
on his forthcoming visit to England. “It is not impossible that she might 
consider turning over the experimental data to Pauling. This would 
inevitably mean that Pauling would prove the structure and not you.”

Second, Crick had wanted everyone to see everyone else’s  
manuscripts — “We are not happy about the position of Rosy and 
Gosling …It is not reasonable for letters to be sent in jointly to Nature 
without having been read by all concerned. We want to see hers, and 
I’ve no doubt she wishes to see ours.” Third, Crick had asked how he 
and Watson should refer to Fraser’s unpublished three-chain model, 
with bases on the inside, and whether indeed it should be published 
at all, as Wilkins wanted. 

Crick had concluded that “because the present situation is embar-
rassing to us, we have written a short note to Randall to suggest a 
meeting on Wednesday (we could come on Tuesday if the letters are 
ready by then)”. 

This is Wilkins’s exasperated response: 

Dear Francis, 
It looks as though the only thing is to send Rosy’s & my letters 

as they are & hope the Editor doesn’t spot the duplication. I am 
so browned off with the whole madhouse I don’t really care much 
what happens. 

If Rosy wants to see Pauling, what the hell can we do about it? If 
we suggested it would be nicer if she didn’t that would only encourage 
her to do so. Why is every body so terribly interested in seeing Paul-
ing … Now Raymond wants to see Pauling too! To hell with it all. 

Turning to the manuscripts, Wilkins continues: “We will 
post a copy of Rosy’s thing to you tomorrow. I don’t see 

why we have to have a meeting.” It is not clear whether 
a meeting ever happened. Olby states: “Evidently, 

a meeting did take place”6, but Wilkins is clearly 
not enthusiastic; and today Watson has no rec-
ollection of any such event. 

The letter bears a postscript “Raymond 
& Rosie have your thing so everybody will 
have seen everybody else’s.” 

On Fraser’s model, Wilkins writes: “I feel 
your remarks about Bruce’s model, in your 
note, not in very good style. Why be bitter 

about it?” In the event, Watson and Crick 
included a rather dismissive paragraph in 

their paper, remarking that Fraser’s structure 
was “…rather ill-defined and that for this reason 

we will not comment on it.” The structure was never 
published. 

June 1953: after the papers appear 
From 20 April, a few days before the papers appeared in 
Nature, we now have an exuberant postcard Wilkins sent 

to Crick: “The bumper issue of Nature will soon be out!” Another new-
found handwritten letter from Wilkins to Crick is dated 3 June 1952, 
but the text — here in full — seems to place it in 1953: 

My dear Francis,
I gather you have got the coordinates of your model or some 

worked out. Do you think we could have a copy of what you have?
The crystalline data is clearing up nicely. To think that Rosie had 

all the 3D data for 9 months & wouldn’t fit a helix to it and there 
was I taking her word for it that the data was anti-helical. Christ.

We have redone a lot of the 3D more accurately on mouse & will 
need all the extra accuracy for dealing with some of the finer points.

Regards & to Odile too.
Yours
M
P.S. I think I have a flat. 

The tone smacks of this having been written after the double-helix 
model had been published. Details also fix it to the later date: Wilkins’s 

Photograph 51 showed 
that DNA was helical. 
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asking for coordinates of the model; commenting that the “crystalline 
data” was clearing up; and his using mouse DNA — Wilkins’ initial 
paper refining the DNA structure, published in Nature in October 1953, 
includes, for the first time, data from mouse DNA. And in The Double 
Helix, Watson wrote of Wilkins looking for a new flat at the end of Janu-
ary 1953: “Our bottle of Chablis, however, diminished my desire for hard 
facts, and as we walked out of Soho and across Oxford Street, Maurice 
spoke only of his plans to get a less gloomy apartment in a quieter area.” 

In early June 1953, Watson gave his first public presentation of the 
model at the annual Cold Spring Harbor Laboratory symposium. 
Watson and Crick’s paper in that year’s symposium volume included a 
photograph provided by Wilkins of an X-ray diffraction pattern of the 
A structure (crystalline) DNA. We now know that Crick sent Wilkins 
a revealing observation about this picture on the day the symposium 
began, 5 June 1953: 

This is the first time I have had an opportunity for a detailed 
study of the picture of Structure A, and I must say I am glad I didn’t 
see it earlier, as it would have worried me considerably. 

It was the A-structure diffraction pattern that had led Franklin away 
from believing that DNA, in that form at least, was helical, despite her 
already having produced the most persuasive helical pictures of the 
B structure — including photograph 51. The crystalline DNA gave  
better quality diffraction data, more suited to her painstaking, quantita-
tive approach, and so she focused on the A form during 1952. It was at 
this time that she and Gosling made a handwritten, black edged funeral 
card announcing the death of “DNA Helix (crystalline)”. 

1954–64: after the double helix 
Another 22 newly found letters between Wilkins and Crick span the 
decade from 1954 to 1964. Many of these include the exchange of 
detailed crystallographical information on the ever-improving DNA 
structure being pursued by Wilkins, and in later letters, advice on 
academic hires and other administrative matters. There are two topics 
of more general interest. 

The first topic appears in a handwritten note from Wilkins to 
Crick dated 29 October 1954, which also includes a jab at the fact that  
neither Crick nor Watson did any experimental work in arriving at 
the double helix: 

Looking at your letter, the list of your forthcoming publications 
is certainly impressive & I hope you won’t think me malicious if I 
note with interest your new plan for avoiding experimental work 
— I mean your book. 

What was the book? Another exchange in the new collection offers 
an explanation. A letter dated 28 June 1954 from Academic Press in 
New York enthusiastically accepts Crick’s proposal for a book, The 
Central Problems in Molecular Biology. An outline was drawn up, and 
the title changed to the punchier Genes and Proteins. Alas the book was 
never written. Over the next six years, increasingly desperate pleading 
from the publisher is matched by evasion and excuse from Crick, all 
recorded in the recovered correspondence — which even includes the 
contract Crick was sent but never signed. 

What would have happened had Crick written this book? For one 
thing, it is unlikely Watson would have written Molecular Biology Of 
The Gene, first published in 1965, and currently in its 6th edition. 
Certainly that was his reaction on seeing this correspondence now.

We end with some finds on the subject of ‘Brain drain’, the term 
coined in the early 1960s as worries mounted about British scientists 
decamping, mainly to the United States. First a handwritten letter 
dated 9 May 1959, again from Wilkins to Crick, who was on sabbati-
cal in the Harvard University chemistry department. After thanking 
Crick for his kind words on his recent marriage, Wilkins moves on to 
“more important things”: 

People keep hinting that you may not come back again to England. 
I feel very strongly that if you do not return, the Unit will receive a 
devastating blow that will permanently impare it & may lead to 
its disintegration. This would wreck the development of Molecular 
Biology in Britain … And if Molecular Biology goes down the drain, 
what about the effect of that on Biology generally? 

…if there is anything that can be done over here to help us keep you 
here please let me know. I know that things are rotten here in many 
ways, but things are not hopeless & we have much to be proud of.  
Let me know, Francis, & let other people know. Maybe I could some-
how do something … And if you do go, I hope you will go with a great 
deal of noise & stink so people over here get a good shaking up! 

Concern over the threat of losing Crick seems to have been wide-
spread. Another letter from the new archive is from Nevill Mott, the 
Cavendish professor of physics at Cambridge following Bragg’s move 
to the Royal Institution. Dated 6 March 1959, the entire note reads: 

Dear Francis, 
How nice to hear from you. 
Plans for your MRC building coming along nicely — so don’t be 

tempted by…… 
Nevill Mott 

The threat was real. Crick’s closest 
colleague at that time was Brenner. 
Among the many letters between 
Crick and Brenner in the Brenner 
Collection at Cold Spring Harbor we 
find two from this period that clarify 
matters. A postscript to a letter dated 
17 March 1959 reveals: “I am hav-
ing offers of jobs, but we can discuss 
these in June.” Apparently it couldn’t 
wait that long though. Crick writes 
again to Brenner on 11 April: 

As to temptation, I have now 
decided that if the new lab [LMB] 
goes through and if you stay at 
Cambridge, I will stay in Cam-
bridge too, but please keep this to 
yourself for the moment.

Happily for the continued development of molecular biology in 
the United Kingdom, Crick returned. He and Brenner remained 
at Cambridge until Crick left permanently for the Salk Institute in 
San Diego, California, in 1977 — leaving behind him this wealth of 
personal papers. ■
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Francis Crick’s papers became 
mixed with those of Sydney 
Brenner (pictured) when they 
shared an office.
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c l i m at e  c h a n g e

Our emissions 
obsession
Daniel Greenberg scrutinizes Roger Pielke Jr’s argument 
for a greater emphasis on adapting to climate change.

Roger Pielke Jr is a righteous scold 
at the intersection of politics and 
climate-change science. Prominent 

researchers and the organizations concerned 
with climate change are the object of his ire 
in The Climate Fix, in which he argues that 
they have presented a narrow scientific mes-
sage to rouse politicians and the public to 
confront the dangers of global warming. 

In pursuit of public support and govern-
ment action, Pielke charges, mainstream 
researchers in the climate-change commu-
nity have fudged the science, compromised 
the peer-review process and encouraged 
governments to pursue dubious remedies, 
while neglecting possibilities for averting 
climate-caused disasters. Unrealistic sce-
narios for reducing carbon emissions have 
been pushed by the Intergovernmental 
Panel on Climate Change (IPCC), he argues, 
and the leaked e-mails from the notorious 
‘Climategate’ episode have emboldened 
sceptics and diminished public confidence 
in scientific integrity. 

Pielke merits admiration for his staunch 
defence of scientific accuracy and integrity. 

But his well-argued book ignores political 
reality. Neither politicians nor the public 
respond to nuanced, cautiously worded 

messages from the 
arcane world of sci-
ence. Despite alarms 
being sounded about 
climate change on 
Capitol Hill as early 
as the mid-1970s, the 
response remains half-
hearted and tangled in 
controversy.

The author is well 
qualified to contest 
the established organs 
for addressing climate 
change, principally 
the IPCC and the UN 
Framework Con-
vention on Climate 
Change. He has com-

bined scientific and policy studies with serv-
ice as a staff member for the US Congress en 
route to his current academic post as profes-
sor of environmental studies at the University 

of Colorado, Boulder. All this has made him 
wary of the misuse of scientific data in pur-
suit of social and political goals, the phenom-
enon he chastised in his first book, The Honest 
Broker (Cambridge University Press, 2007).

In The Climate Fix, Pielke argues that 
the importance of carbon dioxide has been 
over-hyped, noting that many other gases 
contribute to the greenhouse effect, includ-
ing six cited in the Kyoto Protocol. The focus 
on CO2, he explains, proceeds from the 
“hyper-politicized” world of climate poli-
tics, in which “nuanced but arguably more 
accurate scientific perspectives are difficult 
to advance”. Fright sells, he points out, citing 
the late Stephen Schneider, the environmen-
tal scientist and political adviser who once 
wrote that, to rouse public support, “we have 
to offer up scary scenarios, make simplified 
dramatic statements, and make little mention 
of any doubts we might have”. Schneider later 
stepped back from that piquant assertion, yet 
the approach remains widely used.

Although Pielke accepts that the evidence 
for human influence on the climate system 
is robust, he stresses that the goal of cutting 
global carbon emissions is incompatible 
with economic growth for the world’s poor-
est 1.5 billion people. They desperately need 
energy, which inevitably will incur greater 
greenhouse-gas emissions, despite dreams 
of clean energy coming to the rescue. Mean-
while, he warns, our focus on CO2 is divert-
ing attention from adaptation — taking steps 
to avoid or alleviate the adverse impacts of 
climate change.

The obsession with controlling CO2 is dam-
aging, he contends, because it collides with an 
“iron law of climate policy”. This holds that 
the public and policy-makers are unwilling to 
shoulder any great burden in costs or incon-
venience to reach emissions-reduction goals. 
Confirmation of this dour conclusion can be 
seen in the failure of the 2009 Copenhagen 
climate-change conference to agree on inter-
national emissions limits, and the US Senate’s 
refusal to enact even a stripped-down climate 
bill. “To think that politicians are going to 
willingly impose discomfort or pain on their 
constituents is fanciful at best,” Pielke warns.

Existing emissions-reduction technolo-
gies are not up to the task of curbing cli-
mate change, Pielke reminds us, and much 
more research will be needed to develop 
them. “Throwing everything we can think 
of … at the problem is not nearly enough,” 
he declares. The vaunted remedial prow-
ess of cap-and-trade schemes is a delusion: 
“Putting a price on carbon causes economic 
pain and discomfort to energy consum-
ers.” And geoengineering is a distant hope, 
fraught with uncertainties.

Pielke is not an apostle of inaction but a 
pragmatist who repeatedly and deservedly 
portrays his diagnoses and remedies as com-
mon sense. He largely fails to recognize, 

The Climate Fix: 
What Scientists 
and Politicians 
Won’t Tell You 
About Global 
Warming
RogeR Pielke JR
Basic Books: 2010. 
288 pp. $26, £18.99

It will take more than solar cookers to provide energy to the developing world.
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The World in 2050: Four Forces Shaping Civilization’s 
Northern Future
Laurence C. Smith Dutton ADult 336 pp. $26.95 (2010)
in 40 years’ time, many cities will look a lot like those in Nevada, 
argues geographer laurence Smith. He identifies four trends that 
together will push civilization north into ecologically fragile lands in 
regions such as Canada and Siberia: rising population, competition 
for natural resources, the interdependent global economy and a 
warming climate. His model-based predictions offer few surprises, 
but he reminds us that we have the choice to shape our future.

Much Ado About (Practically) Nothing: A History of the 
Noble Gases
David E. Fisher oxforD univ. Press 288 pp. $24.95, £15.99 (2010).
Noble gases are so called because, like nobility, they do no work. 
Helium, neon, argon, krypton, xenon and radon are colourless, 
odourless and unreactive. But they are crucial in unravelling the 
history of the Universe, the Sun’s power and our planet’s origin. in 
the first popular book to focus solely on these elements, chemist 
david Fisher interweaves his own research with historical accounts, 
from the nineteenth-century discovery of helium to determinations 
of the age of the earth and Solar System from noble-gas isotopes.

Designer Genes: A New Era in the Evolution of Man
Steven Potter rAnDom House 208 pp. $25 (2010).
How will humans evolve when we can select the genes of 
our offspring? in his examination of the science and ethics of 
genetic modification, stem cells, dNa sequencing and embryo 
manipulation, biologist Steven Potter suggests that we will diversify 
as a species. Future parents will choose their childrens’ genes, 
defining intelligence, appearance, athletic ability and health. The 
choices are not simple — the mutant haemoglobin gene that causes 
sickle-cell trait, for example, confers some protection against malaria 
— but the ramifications for future generations will be huge.

How to Catch a Robot Rat: When Biology Inspires Innovation
Agnès Guillot & Jean-Arcady Meyer mit Press 232 pp. £29.95 (2010)
Nature inspires much technology: from Velcro, which mimics the 
sticky burrs of burdock seeds, to self-sharpening blades modelled 
on rats’ teeth. in a wide overview of biology-influenced design, 
guillot and Meyer describe how natural structures, materials and 
behaviours are being adapted for nanotechnology and electronics. 
From an aerial drone that flies like an albatross to a robot 
salamander, they examine machines with animal traits and look 
ahead to hybrid systems, such as neuroprostheses that translate the 
thoughts of people with quadriplegia into mechanical motion. 

Life in the World’s Oceans: Diversity, Distribution, and Abundance
Edited by Alasdair McIntyre Wiley-BlAckWell 384 pp. £120 (2010)
This collection of review papers synthesizes the findings of the 
Census of Marine life, a decade-long international programme to 
document species within the seas. The ambitious project involved 
thousands of scientists and led to the discovery of novel creatures 
such as the hairy yeti crab. The volume addresses the biodiversity 
of oceans past, present and future, including microorganisms and 
zooplankton. Regions from the fishing grounds of the gulf of Maine 
to mid-ocean ridges, seamounts and polar waters are examined, 
and the Census database is explained.

however, that common sense is frequently 
unwelcome in climate politics. Measures for 
countering the effects of climate should be 
implemented, he says, with emphasis on a 
massive increase in research and develop-
ment (R&D) to spur innovation aimed at 
lowering greenhouse-gas emissions and 
expanding energy supply. Modest taxes on 
coal, perhaps US$5 a tonne, he optimistically 
contends, could finance an R&D boom with 
little risk of public or business resistance. 
Anti-tax hysteria, a mainstay of contempo-
rary US politics, suggests otherwise. 

Even with these measures, high priority 
should be given to adaptation to extreme 
weather events, Pielke suggests. Greater 
attention should be focused on land-use 
policies, risk assessment, weather forecasts 
and warnings, insurance and structural 
engineering. Citing the difference in death 
tolls after the recent earthquakes in Haiti 
and Chile, he observes that “where, how, 
and what we build are the driving factors 
underlying trends in losses”.

Pielke illustrates with a personal anec-
dote how science in the public arena can be 
filtered and shaped for political convenience. 
Invited to take part in a climate-change brief-
ing for US senators and the treasury secre-
tary, he relates being counselled by several 
colleagues to downplay his conclusion that 
some of the worst impacts of climate change 
were closely related to land-use patterns and 
other non-climate factors. The inference, he 
feels, was clear: don’t divert attention from 
the menace of CO2. 

As many researchers would, Pielke gagged 
on this invitation to dissemble, regarding it as 
a betrayal of the ethos of scientific enquiry. 
However, this is naive. When summoned to 
advise Congress, politically sentient scientists 
do not innocently assume that the legislators 
seek enlightenment for wise policy-making. 
Instead they recognize that legislators seek 
support for their preconceived positions, 
which in turn reflect the preferences of con-
stituents and the money-laden lobbies that 
help finance election campaigns. Contrary 
messages can be delivered from the congres-
sional committee witness chair, but it is best to 
slip them in as addenda. Otherwise, scientists 
can go overboard with the alarmist, dumbed-
down messages that Pielke deplores.

The Climate Fix illustrates the dilemma 
confronting scientists who seek to influence 
politics. Telling it like it is does not thrive 
on Capitol Hill. But shaping the message to 
suit the politics often involves a betrayal of 
scientific truth and a distortion of public and 
political understanding. ■

Daniel S. Greenberg is a journalist 
based in Washington DC and author of 
several books on science policy and politics, 
including Science for Sale.  
e-mail: danielg523@aol.com
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Towards nuclear zero
Fact-packed final volume of a quartet on nuclear 
security is required reading, writes Joseph Cirincione.

The first chapter of The Twilight of 
the Bombs justifies its purchase. 
Historian Richard Rhodes refutes 

the myth that the Israeli bombing of an 
Iraqi nuclear reactor at Osirak in 1981 set 
back Saddam Hussein’s nuclear-weapons 
programme — a raid that some now cite as 
a model for future attacks on Iran. Rhodes 
shows that the bombing accelerated the pro-
gramme and drove it underground. By 1991, 
Iraq was close to possessing a nuclear bomb.

Rhodes sets the record straight in this 
volume, the fourth book in his atomic quar-
tet. The first, The Making of the Atomic Bomb 
(Simon & Schuster, 1987), won a Pulitzer 
Prize in 1988. In 1996, Dark Sun (Simon & 
Schuster) detailed the history of the hydrogen 
bomb and the US–Soviet nuclear-arms race, 
and Arsenals of Folly (Knopf, 2007) docu-
mented the final decades of the cold war. His 
latest, an authoritative review of the rise and 
partial resolution of nuclear dangers since the 
end of the cold war, is required reading for any 
debate about nuclear security policy.

Its central, if unarticulated, theme is that 
policy matters. By examining history, we can 
determine which policies worked to reduce 
nuclear threats and which made matters 
worse. Rhodes convincingly counters the 
fatalistic views that dominate on the far 
right: that proliferation is inevitable, trea-
ties cannot stop the spread of the bomb, 

and military force is the only way to prevent 
hostile regimes from getting nuclear weap-
ons. He does so by recounting the facts. 

Rhodes takes us through the 1991 Gulf War 
and inside the United Nations inspections 
that uncovered and 
dismantled Saddam’s 
weapons programmes. 
He allows the inspec-
tors — Robert Gal-
lucci, David Kay, Rolf 
Ekéus, Hans Blix and 
others — to tell their 
own stories. These 
reminiscences become 
high drama as inspec-
tors race to outwit 
and outrun Saddam’s 
henchmen. Despite 
tensions among them, 
the teams persist until 
their game-changing 
discovery in September 
1991 of hidden designs 
confirming the previously secret bomb pro-
gramme. Gallucci calls it “one of the best 
moments of my nonproliferation life”.

The book also details the patient work of 
US Senators Sam Nunn and Richard Lugar, 
defence secretary Les Aspin, secretary of state 
James Baker, ambassador Thomas Graham 
and others in the early 1990s as they carefully 

disarmed the nuclear ‘hurt locker’ the Soviet 
Union left behind. Years of joint work by 
Democrats and Republicans eliminated 
the nuclear weapons inherited by Belarus, 
Ukraine and Kazakhstan and provided secu-
rity for the ones that threatened to get loose 
as empires collapsed — all against a high 
whine of conservative denunciation of the 
programmes as aiding former communists. 
Rhodes explains the mysterious ‘flash in the 
South Atlantic’ in September 1979 — a sus-
pected South African or Israeli nuclear test — 
and dissects South Africa’s decision in 1990 to 
dismantle its seven secret nuclear devices.

Rhodes does a brilliant job of tracking the 
fabricated fears generated by US officials to 
justify a second war with Iraq. Former vice-
president Dick Cheney’s August 2002 speech 
began the cascade of falsehoods. We “now 
know that Saddam has resumed his efforts 
to acquire nuclear weapons”, Cheney said, on 
the basis of sources and first-hand testimony 
from defectors “including Saddam’s own 
son-in-law”. But Rhodes documents that 
there was no evidence of an effort to restart 
any of the past weapons programmes.

It is necessary to go over this old ground 
because many people still do not have the his-
tory correct. Earlier this month, for example, 
Wall Street Journal columnist Daniel Hen-
ninger harshly criticized President Barack 
Obama’s efforts to “turn the page on Iraq” 
with a long justification of the war, writing 
that the invasion “took one of these nuclear-
obsessed madmen off the table”. This assumes 
that Saddam had, or wanted, a nuclear-bomb 
programme at the time of the 2003 invasion, 
and that war was the only response.

Rhodes tells a different tale. First, he shows 
that US intelligence officials knew by the 
autumn of 2002 that two central claims of the 
George W. Bush administration were wrong: 
Saddam did not try to buy yellow cake (ura-
nium ore) from Niger, and aluminium tubes 
intercepted by US and Jordanian officials 
were not for uranium-enrichment centrifuges 
as claimed, but for artillery rocket casings. 
These experts were rebuffed in favour of the 
politicized findings developed by officials in 
the Department of Defense. The intelligence 
“was fixed around the policy”, as Richard 
Dearlove, director of the British intelligence 
agency MI6, wrote to his government in July 
2002, seven months before the war began.

More importantly, as Rhodes recounts, the 
UN intelligence efforts got it right. Inspectors 
allowed back into Iraq searched everywhere 
the US officials told them they would find 
weapons. They found nothing. They begged 
for more time to complete their surveys. They 
were denied. The war cost thousands of US and 
coalition combat deaths, hundreds of thou-
sands of Iraqi deaths and at least US$1 trillion 
borrowed to pay for it. Blix tells Rhodes that 
his inspections would have cost $80 million 
— “and would have worked as well”.

The Twilight of the 
Bombs: Recent 
Challenges, New 
Dangers, and the 
Prospects for a 
World without 
Nuclear Weapons
RiCHaRd RHodeS
Random House: 2010. 
352 pp. $27.95

UN inspectors Mohamed ElBaradei (left) and Hans Blix (right) found no nukes in Iraq in 2002.
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Rhodes has some good news. Since the 
end of the cold war, he says, “the irregular 
but unmistakable trend in international 
relations has been towards the reduc-
tion and elimination of nuclear arsenals”. 
It is a trend obscured by the real dangers 
of new programmes in Iran and North 
Korea and by the threat-inflation argu-
ments used by zealots against arms-
control treaties, but it is borne out by the 
historic arc traced by Rhodes.

Global nuclear arsenals are one-third of 
the size they were at the height of the cold 
war, shrinking from an estimated 70,000 
nuclear warheads in 1986 to 22,000 today, 
with 96% of these held by the United States 
and Russia. More countries have given up 
nuclear weapons and programmes in the 
past 25 years than have tried to acquire 
them, including Argentina and Brazil in 
the 1980s; Ukraine, Belarus, Kazakhstan 
and South Africa in the 1990s; and Libya 
and Iraq in the 2000s. Experts agree that 
the gravest threat now is from nuclear ter-
rorism. Following from that assessment is 
a growing consensus that, as Rhodes says, 
“the world faces a stark choice: eliminate 
nuclear weapons and secure their fissile 
explosives or expect them to be used.” But 
how to eliminate them? 

Rhodes is no pacifist. “A war [as with 
Iraq] might well be a last resort against a 
resistant proliferator,” he concedes. But 
his preferred methods are the “nuts-and-
bolts” policies worked out over the past 
15 years by international commissions 
and realists such as US politicians George 
Shultz, Sam Nunn, Bill Perry and Henry 
Kissinger — and increasingly adopted by 
the United States, the European Union 
and countries elsewhere. 

The emerging nuclear security consen-
sus includes a commitment to eliminate 
nuclear weapons over time and practical 
steps toward that goal, including verifiable 
reductions in US and Russian arsenals, a 
ban on nuclear tests and an end to the pro-
duction of weapons materials. In a world 
moving towards nuclear zero, nations are 
more likely to cooperate to lock up all 
supplies of highly enriched uranium and 
plutonium — thus denying terrorists the 
one part of the bomb they cannot make 
themselves — and to isolate and punish 
states that try to start new programmes.

Rhodes’s unflinching examination over 
the past 25 years of the promise and hor-
rors of nuclear weapons has educated a 
generation. I hope his vision for the next 
25 inspires another. ■

Joseph Cirincione is president of 
Ploughshares Fund, USA, and author of 
Bomb Scare: The History and Future of 
Nuclear Weapons. 
e-mail: joe@ploughshares.org

mass tourism, the urban fabric of Venice is 
challenged by rising water levels. Da Mosto 
and Spencer are analysing historical and 
contemporary data on the area’s geography, 
hydrology, flora and fauna to illuminate the 
fragile ecological balance of the lagoon and the 
consequences of its disruption for Venice’s 
buildings. They aim to articulate how the fate 
of the city and its waters are connected. 

Until the collapse of the Venetian Republic 
in 1797, the lagoon 
was well maintained. 
Waterways were man-
aged, and the waters 
provided a livelihood 
for fishermen in the 
city and outlying 
islands. When rail and 
road links to the main-

land were established, Venetians’ connec-
tions to the lagoon dwindled as they came to 
depend more on tourism for their income.

Appropriately, the exhibition catalogue is 
printed on ‘Alga Carta’, a specialist Venetian 
paper made from harvested algae that would 
otherwise clog the lagoon. It will be decades 
before scientists can write ‘done’ against their 
lagoon investigation, as the nineteenth-cen-
tury art critic John Ruskin did for his explo-
ration of the city’s architecture. But this is an 
excellent start. ■

Colin Martin is a writer based in London. 
e-mail: cmpubrel@aol.com

Dazed by Venice’s architecture, few 
people look beyond the city to its 
lagoon. To raise awareness of the 

lake’s ecological complexity and beauty, envi-
ronmental scientist Jane da Mosto has, with 
permission, removed a 15-metre-square sec-
tion of Venetian salt marsh and installed it in 
a stainless-steel tank washed by artificial tides. 
It is on display in the British Pavilion of the 
12th International Architecture Exhibition 
(the Venice Biennale) until 21 November.

“Venice is so fragile, in its physical, 
environmental and even socio-economic 
dimensions, that we must develop viable 
plans to ensure its survival,” says da Mosto. 
First-hand experience of nature often gener-
ates more emotion than dry scientific data: 
she reports that locals and visitors who had 
thought of the lagoon as just a muddy space 
have been moved by the marsh’s beauty. 

The Venice lagoon is a winter migration 
halt and breeding area for 200,000 birds. 
Along with Tunisia’s Gulf of Gabès, it is one 
of the most important wetlands in the Medi-
terranean Basin. The exhibition includes 
taxidermic specimens of 24 of the 60 species 
of water bird found in the lagoon, lent by the 
Venetian Museum of Natural History. Maps 
and panels, prepared by da Mosta and Tom 
Spencer, director of the Coastal Research 
Unit at the University of Cambridge, UK, 
detail the lagoon’s wildlife and flora, rivers, 
inlets, marshlands, water levels and ecology. 

In addition to seasonal flooding and 

e n v i r o n m e n t

Venice’s fragile lagoon
A section of salt marsh in a biennale pavilion links the 
city and its environment, notes Colin Martin. 

Villa Frankenstein: 
Venice Lagoon
The British Pavilion, 
12th International 
Architecture Exhibition, 
Venice, Italy 
Until 21 November 
2010

The transplanted salt marsh highlights the importance of the ‘muddy space’ outside Venice.
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Maths of Death, to packed audiences last 
month at the Fringe. “There was a real appe-
tite for comedy with an intellectual content,” 
Harkness says.

But the fashion for science comedy is by no 
means international. “America has some of the 
world’s finest scientists and finest comedians, 
but the two have yet to overlap,” says Malow. 
Reasons may include the tensions between 
science and faith in the United States, and the 
relative dearth of science festivals, making 
interested audiences harder to find. Events 
are on the increase, however — Malow will 
play the inaugural USA Science & Engineer-
ing Festival this autumn in Washington DC.

Universities, too, are embracing comedy 
for enhancing communication skills. At the 
Bright Club, a monthly variety night organ-
ized by University College London, staff and 
students write and perform comedy about 
their research. The scheme, launched in May 
2009, has spawned spin-off clubs in Manches-
ter and Cardiff. 

“It’s all very encouraging,” says UK anato-
mist and broadcaster Alice Roberts, who is 
concerned that scientists are often perceived 
as separate from culture. Science is part of 
our everyday lives, so attempts to root it in a 
cultural context are welcome. Science com-
edy, she argues, helps humanize science. 

The Ig Nobels have the same goal (see 
‘Ignoble work’). By pointing out absurdities 
in research, the awards aim to make science 
and scientists seem fallible. “For a long time, 
science has been treated as something that’s 
very important, serious and definitely not 
funny. It shouldn’t be like that,” says Marc Abra-
hams, originator of the Ig Nobels and editor of 
the Annals of Improbable Research. It took just 
ten people to plan and judge the first tranche 
of awards in 1990. Now some 250 help to 
whittle the 7,000 or so nominations down to 
ten lucky winners and plan the uproarious 
award ceremony at Harvard University.

Honouring as they do “science that makes 
you laugh, and then makes you think”, 
Ig Nobels are just as likely to go to mediocre 
research as top-notch science. But research 
that seems silly is often relevant to the real 
world — the 2003 prize for physics, ‘An analy-
sis of the forces required to drag sheep over 
various surfaces’, revealed a more ergonomic 
floor for shearing.

Science comedy may be funny, clever and 
pro-rationalist, but so too is its audience. “We 
like to think we get a better class of heckle at 
our shows,” says Harkness, whose recent 
Edinburgh gig was interrupted with cries 
of “What exactly does the y-axis represent?” 
Comedians beware: heckling, too, is becom-
ing more intellectual. ■ 

Helen Pilcher is a science writer and 
comedian. She is one-half of The Comedy 
Research Project, a science-comedy show. 
e-mail: helenpilcher@googlemail.com

c o m m u n i c at i o n

A better class of heckle
Helen Pilcher on the rise of science comedy. 

Ten years ago, jokes about science 
were as elusive as the Higgs boson. 
Times are changing. From fresh-faced 

wannabes to headline acts, more comedians 
are finding humour in the scientific endeavour. 
Add in the Ig Nobel prizes — the US awards 
for inherently funny research, which celebrate 
their twentieth anniversary this week — and 
science, it seems, has never been so amusing. 
Humour can make science accessible, but look 
closer and cultural peculiarities emerge. 

Britain is in the vanguard of science 
comedy, with a crop of shows infiltrating this 
year’s festivals, from the Royal Society’s recent 
See Further celebration in London to the 
Edinburgh Festival Fringe. Global audiences 
are not far behind, as the geeky references in 
successful television series such as The 
Simpsons and The Big Bang Theory attest. 

The comedic potential of particle accel-
erators or neurotransmission may not be 
obvious, but in the right hands they can be a 
recipe for mirth. And science has its own cast 
of wacky characters — from bongo-playing 
physicist Richard Feynman to gold-nosed 
astronomer and moose owner Tycho Brahe. 

“There are a lot of intelligent, well-read 
comedians out there who are interested in 
science and who want to share their passions,” 
says British comedian and science enthusiast 
Robin Ince. ‘Reading-list comedy’, as Ince calls 
it, is part of a new strain that is unashamedly 
intellectual, leaving audiences clamouring for 
an encore and a bibliography. “Science com-
edy is the new alternative comedy,” he says. 

Ince has created and compèred Nine Les-
sons and Carols for Godless People, a Christmas 
variety show that celebrates science and reason 
with a mix of science-themed stand-up, mini 
lectures and musical acts. The show, which 

has included evolutionary biologist Richard 
Dawkins and comedian Ricky Gervais, sold 
out on its 2008 debut run in London and 
returns for a third season this December. 

Each comedian weaves science into their 
routine in their own way. Some point out 
the bizarre side of evolutionary theory or the 
human genome — did you know there is a 
gene for gullibility? Canada’s Baba Brinkman 
takes a lyrical approach with his Rap Guide 
to Human Nature. Others adopt a sceptical 
stance, debunking pseudoscience and dress-
ing down its practitioners. “The great thing 
about homeopathy is that you can’t overdose 
on it — but you can drown,” quips Irish com-
edian and physics graduate Dara O’Briain. 

The BrighT cluB 
Good comics tailor jokes to their audiences. 
Playing at colleges and conferences where the 
crowd shares a love of science, US comedian 
Brian Malow uses lines that are deliberately 
knowing: “Schrödinger’s cat walks into a 
bar … and doesn’t.” But he admits such gags 
fall flat in mainstream comedy clubs. In Brit-
ain, science comedy seems to have reached a 
broader audience — research-related quips 
can be found on mainstream TV panel games 
and radio programmes as well as on stage.

The proliferation of science and arts festi-
vals is fostering the genre. “Comedy can be 
used to make science more approachable and 
broadens the festival audience,” says Sharon 
Bishop, executive director of the Cheltenham 
Science Festival, which has booked comedy 
acts since its launch in 2002. Comedian and 
writer Timandra Harkness agrees. With 
mathematician and stand-up Matt Parker, she 
performed their comedy show on statistics 
and health, Your Days Are Numbered — The 

Baba Brinkman raps on human behaviour.

Physics (2003): an analysis of the 
forces required to drag sheep over 
various surfaces.
Biology (2003): The first documented 
case of homosexual necrophilia in the 
mallard duck.
Biology (2002): a study of the 
courtship behaviour of ostriches 
towards humans under farming 
conditions in Britain. 
Technology (2001): The australian 
patenting of the wheel.
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CorrespondenCe
Marine stewardship: 
a force for good
Our experience of working 
with fisheries to prepare 
them for assessment by the 
Marine Stewardship Council 
(MSC) does not square with 
the view of Jennifer Jacquet 
and colleagues that the 
environment does not benefit 
(Nature 467, 28–29; 2010). 

Despite extensive legislation 
in Europe, fishermen still need 
an incentive to move towards 
sustainable exploitation. MSC 
certification can provide this 
through access to premium 
markets for their seafood 
products (M. J. Kaiser and 
G. Edwards-Jones Conserv. Biol. 
20, 392–398; 2006). 

The MSC assessment process 
has resulted in environmental 
benefits for various fisheries. 
For example, the queen-scallop 
fleet in the Isle of Man, UK, 
has been fitted with vessel-
monitoring systems that will 
provide accurate electronic 
data on the scallop fishery’s 
environmental footprint. 
During the assessment in 2010, 
half of the territorial sea was 
closed to scallop dredging 
and designated a scallop-
conservation zone, and three 
protected marine areas were 
created where towed fishing 
gear is banned. For the current 
assessment of the Clyde 
langoustine fishery in Scotland, 
fishermen have committed 
to adopting fishing gear with 
better selectivity. In addition 
to improved monitoring 
systems and data collection, a 
voluntary catch limitation will 
be introduced in 2011. 

Extensive science 
programmes are under way 
in both fisheries to provide 
data on their wider ecosystem 
effects, and existing sea-bed 
maps are being used to avoid the 
interaction of fishing gear with 
sensitive habitats. 

The Dutch Ekofish plaice 

Marine stewardship: 
fair and impartial
The rigour and integrity of the 
Marine Stewardship Council 
(MSC) certification process 
is much greater than Jennifer 
Jacquet and colleagues suggest 
(Nature 467, 28–29; 2010). 

The certification process 
uses independent assessors 
who have no connection 
with the MSC, fishing 
organizations, environmental 
non-governmental campaigns 
or other groups. Independent 
oversight (by Accreditation 
Services International) ensures 
impartiality, as does the 
integrity of the independent 
scientists and fishery 
managers who participate in 
MSC assessments, and the 
openness of the assessment 
process. During assessment, 
stakeholder inputs are actively 
sought and evaluated, reports 
are peer-reviewed and open 
to stakeholder comment, 
and there is an independent 
objection process. 

Marine stewardship: 
high bar for seafood
We disagree with Jennifer 
Jacquet and colleagues’ 
criticism that the standard 
of sustainable seafood 
certification by the Marine 
Stewardship Council (MSC) 
is not sufficiently stringent 
(Nature 467, 28–29; 2010). 

They cite Alaska pollock 
and Pacific hake as species for 
which certification has been too 
generous, given their substantial 
population declines. But any 
fish population will fluctuate, 
including sustainably managed 
fisheries such as these. The 
allowable catch can simply 
be reduced when abundance 
declines. This strategy enabled 
successful rebuilding of the 
New Zealand hoki stock, the 
certification of which had 
been challenged by some 
environmental groups. 

The authors argue that the 

Investigation of 
warship sinking
We wish to clarify any confusion 
over the sinking of the South 
Korean navy’s ship Cheonan on 26 
March this year (for example, see 
Nature 466, 302–303, 815; 2010). 

The report of the 
multinational Joint Investigation 
Group has now been released 
in Korean and English (see 
www.cheonan46.go.kr/100) 
and should counter scientific 
criticisms of the investigation’s 
conclusion that the Cheonan 
was sunk by a torpedo fired 
from a North Korean midget 
submarine.
Choo Kyu ho Embassy of the 
Republic of Korea (South Korea), 
London, UK, 
koreanembinuk@mofat.go.kr 

fishery, which was MSC certified 
in 2009, has also committed 
to sea-bed maps, protected 
areas and monitoring systems. 
Fishermen there have publicly 
supported a research area on 
Dogger Bank in the North 
Sea, and plaice-fishing gear 
with better selectivity is under 
development. 

We believe that the MSC 
process has refocused the 
behaviour and attitudes of 
fishermen in these areas, and has 
delivered conservation benefits 
more effectively than formal 
non-participatory legislation 
would have.
Michel J. Kaiser Bangor 
University, UK, 
michel.kaiser@bangor.ac.uk
Louize Hill WWF Scotland, UK
Competing financial interests 
declared: see http://dx.doi.org/ 
10.1038/467531a

MSC should concentrate on 
small-scale fisheries. But the 
largest industrial fisheries 
should be targeted first — they 
supply most of the fish for 
consumption in countries 
where certification will have an 
impact. The cost of certification 
is largely independent of 
fishery yield, so it is much more 
cost-effective to certify large 
fisheries than small ones. We 
see little evidence that small-
scale fisheries are having a 
lower impact per kilogram of 
product. 

One of the MSC’s principles is 
that “fishing operations should 
allow for the maintenance of the 
structure, productivity, function 
and diversity of the ecosystem”. 
We doubt that any form of 
conventional agriculture using 
a plough would meet that 
standard. Indeed, retailers who 
reject some MSC-certified 
fish still sell crops and meat 
that have high environmental 
impacts. 
Ray Hilborn University of 
Washington, USA, rayh@uw.edu
James H. Cowan Jr Louisiana 
State University, USA

Jacquet et al. criticize the 
certification of some fisheries 
by Moody Marine (namely 
Antarctic toothfish and krill) 
and commend its certification 
of others (Alaska salmon and 
Vietnam clam), but all were 
certified to the same standard 
using the same process. Any 
wild-capture fishery may apply 
for MSC assessment and be 
evaluated without prejudice.

The MSC standard already 
requires that certified fisheries 
include no harmful subsidies 
and make appropriate use of 
various conservation measures 
(not limited to marine protection 
areas) to limit effects on 
by-catch, protected species, 
habitats and overall ecosystem 
function.
Andrew Hough, Paul Knapman 
Moody Marine, UK, 
a.hough@moodyint.com
Competing financial interests 
declared: see http://dx.doi.org/ 
10.1038/467531b
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M a r g a r e t  a .  P a l M e r

In the developed world, responses to natural  
disasters such as floods and droughts often 
involve taming or vexing nature instead of 

moving people out of harm’s way or rethink-
ing water-use policies. Dams are built, levees 
erected, and various infrastructure projects 
redirect flows to nourish water-stressed 
regions. Ironically, such actions affect the very 
ecological processes and natural systems that 
purify, store and ensure long-term delivery of 
the abundant fresh water that supports eco-
systems and people. Many once-perennial 
streams and wetlands are now dry much of 
the year because they have been buried or  
re-engineered for human purposes. 

In their paper on page 555 of this issue, 
Vörösmarty et al.1 describe how they have used 
a detailed, comprehensive and spatially explicit 
global-accounting approach to quantify threats 
to human water security and to freshwater bio-
diversity. Carefully identifying the underlying 
causes, they document a pandemic deteriora-
tion of fresh waters, showing that there are 
threats to biodiversity and water security in 
both rich and poor countries. 

Because of the interplay between the many 
stressors that can act on river systems, patterns 
of river degradation vary markedly within 
continents and even countries. For example, 
some rivers, such as the Nile, suffer major 
effects upstream, which are then exacerbated 
by impacts from densely populated regions 
farther downstream. The Nile supports more 
than 180 million people, many of whom live in 
poverty, yet water security and biodiversity are 
clearly at great risk. The spatial patterns and 
downstream outcomes are quite different for 
the Amazon. Anthropogenic effects are great-
est at the river’s source in Peru, and diminish 
downstream as the river makes its way through 
dense rainforests. This trend could reverse if 
Amazonian deforestation intensifies. 

After a detailed documentation of the spa-
tial distribution of threats to biodiversity and 
water security, Vörösmarty et al. calculated the 
economic investments that have been made in 
water infrastructure; not surprisingly, these 
investments are largely limited to rich nations. 
What may surprise many readers, however, is 
the authors’ demonstration that, on a global 

scale, water security increases with affluence 
(higher gross domestic product) — but so do 
threats to biodiversity. In fact, the very actions 
taken to increase water security, such as the 
building of dams and flow diversions, typi-
cally result in habitat loss and changes to river 
flow that act to reduce both fish diversity and 
water quality. Most areas of the United States 
and western Europe, for example, have low 
threats to human water security relative to 
other regions around the world, yet have high 
threat levels for biodiversity. 

There are at least two serious implications of 
this research, the first of which relates to why 
we should worry about biodiversity. We have 
long known that biodiversity loss is not homo-
geneous across the globe, but only recently have 
scientists begun to examine the link between 
biodiversity and human well-being. 

Some human benefits of biodiversity are 
obvious — for example, the relatively new 
science of ecosystem-based management has 
shown that diversity within the broader food 
web is essential to fishery sustainability. The 
significance of biodiversity for the provision 
of other ecological goods and services, such as 
abundant clean water, is less obvious because 
it involves complex relationships between bio-
diversity and ecological processes. For exam-
ple, the cycling of nutrients such as nitrogen 
is a biologically mediated ecological proc-
ess that influences water quality. Nitrogen is  
crucial to the health of ecological systems, but 
in excess it becomes a pollutant that can lead 
to eutrophication of rivers and their coastal 
waters. Because some aquatic plants and 
microbes take up excess nitrogen from the 
water at higher rates than others, loss of key 

Figure 1 | Flow chart. A high-resolution map of the Amazon watershed showing the network of small 
streams and rivers that permeate the landscape. (Image derived from ref. 7.)
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Beyond infrastructure 
Projects such as building dams and diverting watercourses enhance water security for humans. But they do little to protect 
the biodiversity of associated ecosystems, and that’s a long-term necessity. See Article p.555 
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species or groups of microbes could lead to 
a reduction in water quality. Identifying and 
quantifying relationships between biodiversity 
and ecological processes that regulate the pro-
vision of ecosystem goods and services — in 
this instance, clean water — is a challenge and 
an area of intense research activity. 

Only recently, however, have natural and 
social scientists begun working together to 
ramp up research to the next level: namely, 
to link findings on the relationship between 
biodiversity and ecological processes to social 
factors that influence the delivery of eco-
system goods and services to humans2. For 
example, management decisions that lead to 
more intensive aquaculture operations could 
eliminate native fish that normally keep nui-
sance algae in check. The result may be poor 
water quality and potentially even the eventual 
collapse of the aquaculture operation, both of 
which would have economic and social con-
sequences. These consequences, in turn, may 
lead to new management decisions, and thus 
the cycle continues. An understanding of the 
complex interactions between social and eco-
logical systems is essential for securing the 
long-term sustainability of water and other 
natural resources, and will require new forms 
of scientific interaction that discipline-bound 
traditions make difficult3. 

Understanding these interactions also 
requires a great deal of ecological data not 
currently available, including information on 
the distribution of organisms, their functional 
traits (that is, their role in an ecosystem and 
their performance under different conditions), 
and how they interact with other species, social 
systems and the physical environment. We 
need global biodiversity assessments and eco-
system-service frameworks for advancing our 
understanding of the link between biodiversity 
and ecosystem services. Promising initiatives 
include the Group on Earth Observations Bio-
diversity Observation Network (GEO BON)4 
and the proposed Intergovernmental Science-
Policy Platform on Biodiversity and Ecosys-
tem Services (IPBES)5. The spatial modelling 
framework that Vörösmarty et al.1 have devel-
oped is the type of scientific product needed 
for international efforts such as IPBES.

A second implication of Vörösmarty and 
colleagues’ paper1 lies in the demonstration of 
the controlling role that hydrology has in deter-
mining the spatial distribution of environmen-
tal impacts. Spatial ‘legacy effects’ mean that 
impacts on aquatic ecosystems and the people 
they support can be transmitted far from their 
point of origin. Whether flowing year round 
or only intermittently, streams are organized in 
complex networks that blanket the landscape 
and merge progressively downstream to form 
larger and larger rivers. Collectively, the net-
work of linked terrestrial–aquatic ecosystems 
defines a watershed (Fig. 1). There can also 
be significant temporal lags between ecologi-
cal effects on watersheds (as, for instance, in 

the excessive extraction of groundwater) and 
declines in freshwater ecosystem services that 
ultimately influence long-term water security 
for humans6. 

All life — terrestrial and aquatic, ranging 
from microbes to vertebrates — depends on 
and is shaped by water and watershed dynam-
ics. Yet only a small subset of conservation and 
natural-resource management plans, and few 
national or international research initiatives, 
use the watershed as an organizing framework. 
It will never be possible to eliminate all impacts 
on biodiversity and ecological processes if the 
growing human demands for water are to be 
met, and I am not suggesting that this should 
be the goal of watershed-based management, 
planning or research. 

However, societies can try to balance eco-
lo gical and human needs, for example by  
considering where in a river network a new 
dam is planned, or where increased water 
extraction will be allowed. Similarly, I am not 

suggesting that terrestrial ecologists or social 
theorists should abandon their systems to study 
watershed dynamics or vice versa. Instead, the 
research community needs to consider co-use 
of a ‘watershed lens’ to organize investigations 
that address pressing socio-ecological questions 
that relate to enhancing human water security 
in both developed and developing countries. ■

Margaret A. Palmer is at the University of 
Maryland Center for Environmental Science, 
Solomons, Maryland 20688, USA. 
e-mail: mpalmer@umd.edu
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Paired in one dimension
The trend towards using ultracold atomic gases to explore emergent phenomena 
in many-body systems continues to gain momentum. This time around, they have 
been used to explore novel pairing mechanisms in one dimension. See Letter p.567

I M M a n U e l  B l O C H

Atomic gases cooled down to nanokelvin 
temperatures and confined in optical 
or magnetic traps have helped to real-

ize and investigate fundamental many-body 
quantum phases of matter1,2. An investiga-
tion by Liao et al.3 on page 567 of this issue 
now shows how such ultracold systems are 
also moving to centre stage in the quest for an 
exotic form of superconductivity — the elusive 
FFLO superconducting state of matter that was 
proposed more than 40 years ago by Fulde and 
Ferrell4 and Larkin and Ovchinnikov5.

In condensed-matter physics, an arbitrarily 
small attraction between fermions (particles 
with half-integer spin, such as electrons) of 
identical but opposing spin and momentum 
can lead to the formation of bound pairs that 
have bosonic character (bosons being particles 
with whole-integer spin). Under specific con-
ditions, such pairs can undergo the phenom-
enon of Bose–Einstein condensation (BEC), 
transforming the many-body system into a 
‘giant matter wave’ with spectacular friction-
less-flow properties — a superconductor or 
superfluid is born. This remarkable outcome 
of pairing, first proposed by Bardeen, Cooper 
and Schrieffer (BCS), is considered to be the 
conventional way in which superconductiv-
ity emerges in a wide range of materials. In 

the world of atomic physics, the same pairing 
mechanism has been studied thoroughly in 
three dimensions with equal two-component 
gas mixtures of fermionic neutral atoms1,2, 
each component comprising atoms with one 
of two spin states (up or down). But what hap-
pens to such a BCS superfluid state if the two 
fermionic spin states are not present in equal 
numbers in the system?

In a solid-state material, such a spin- 
imbalance condition can be created by apply-
ing a magnetic field to the system. In ultracold 
atomic gases, a simple initial difference in the 
number of spin-up and spin-down atoms will 
do the job. Intuitively, one might think that an 
increasing mismatch in the number of spin-up 
and spin-down particles would make it harder 
for the opposing spins to meet each other and 
pair up, thus hindering superconductivity. And 
this is indeed what happens in experiments. 
Put in more technical terms, the Fermi sur-
faces of the two system components will have 
different sizes, and this difference will ham-
per the formation of the pairs and the ensuing 
BCS superfluid state (the Fermi surface is the 
boundary in momentum space that separates 
unoccupied states from occupied ones).

Fulde and Ferrell4, as well as Larkin and 
Ovchinnikov5, proposed a clever solution 
that would still allow a superfluid state to exist 
under spin-imbalanced conditions. They 
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50 Years Ago
The report of the committee 
appointed in June 1958 … “to 
consider the present system 
of awards from public funds 
to students attending the first 
degree courses at universities 
and comparable courses at 
other institutions and to make 
recommendations” was published 
on June 2. Eleven out of its sixteen 
members reported in favour of 
abolishing any means test for 
parents … The Committee is 
convinced that, while Britain 
urgently needs the greatest possible 
number of highly skilled men and 
women, it should not depart from 
the ancient and sound tradition 
that young men and women go to 
a university to become all-round 
citizens and not merely to learn a 
special skill.
From Nature 1 October 1960

100 Years Ago
So little is known about the 
habits of worms that it seems 
desirable to place on record any 
new observation calculated to 
throw light on the subject. On 
September 17 I received from 
Mr. Edwards, curator of the 
Worcester Museum, a small tube 
containing about half a score of 
living worms. The letter which 
accompanied the tube informed 
me that the worms were found in 
a lavatory basin. It was assumed 
that they had found their way up 
through the waste-pipe, as none had 
been found when the plug was fixed 
in the bottom of the basin … Each 
worm was about three-quarters of 
an inch in length, possessed of red 
blood, and having five to eight setae 
in each bundle. These features … 
show the species to be Pachydrilus 
subterraneus … It has more than 
once been sent to me by irate 
persons who complained that it had 
been found in their drinking water.
From Nature 29 September 1910

suggested a paired state in which the pairs are 
not at rest but instead have a net momentum. 
This FFLO state can be viewed as a kind of 
microscale phase separation, containing alter-
nating superfluid regions and normal, non-
superfluid regions, in which the extra atoms 
of the spin species that are in excess squeeze in. 
Although searches for such an exotically paired 
FFLO state have been carried out exhaustively 
in condensed-matter systems, and more 
recently in ultracold atomic gases, unambigu-
ous experimental evidence has remained elu-
sive. In their study, Liao et al.3 take a major step 
towards creating an FFLO state using ultracold 
fermionic atoms.

In three dimensions (3D), the FFLO state 
is believed to occupy only a tiny portion of 
the phase diagram of possible states of mat-
ter, making an observation of this state almost 
impossible. In one dimension (1D), however, 
this prospect seems more promising: a ‘nest-
ing’ effect that allows the edges of the Fermi 
surfaces of the two system components to be 
connected with one another makes the FFLO 
state a much more robust phase in 1D6, one 
that occupies large parts of the phase diagram7. 
Liao and colleagues3 therefore confined a fer-
mionic two-spin gas mixture of atoms in one-
dimensional tubes (Fig. 1). To do this, they 
overlapped two perpendicular standing light 
waves: the interference between the two waves 
produces an array of one-dimensional tubes in 
which the atoms are trapped. In each tube, the 
atoms are free to move along the longitudinal 
direction of the tube but have their motion 
completely restricted in the tube’s radial 
direction. Next, the researchers measured the 
radial profiles of the number-density differ-
ence between the two spin-state components, 
as well as the number density of the minority 
spin state, for a range of overall spin imbal-
ances (polarizations) of the gas mixture.

Their data revealed a striking result. In con-
trast to the 3D case, for which previous obser-
vations invariably displayed a fully paired gas 
core, the authors3 find that the opposite can 
occur in 1D: for a large range of polarizations, 
the wings of their gas mixture are fully paired 
and the core exhibits partial polarization, as 
indicated by an excess of one spin-state compo-
nent (Fig. 1). This behaviour — and the general 
variation in radius of the density of both the 
minority spin-state component and the differ-
ence between the two spin states as a function 
of polarization — are in excellent agreement 
with theoretical calculations of a one-dimen-
sional system with FFLO characteristics. But 
Liao and colleagues’ work is also remarkable 
for another reason. Simple extensions of their 
experiment should allow the crossover from 
1D to 3D to be investigated. In 3D, the nature 
of the paired states can be markedly different 
from that in 1D.

What remains to be demonstrated, however, 
is whether the partially polarized core observed 
by the authors3 is indeed a superfluid FFLO 

state. So far, they have detected neither signs 
of superfluidity nor the ‘smoking gun’ signature 
of the FFLO state: the two momentum com-
ponents of the superfluid that are caused by 
the microscale phase separation. In an exten-
sion of Liao and colleagues’ experiment, this 
characteristic momentum distribution should 
be measurable in a single tube. According to 
theory, success in reaching the FFLO phase 
may also require lowering the temperature of 
the experiments further. More than 40 years 
after the original proposal, the race for the 
unambiguous observation of the FFLO state is 
therefore still on, but Liao and colleagues have 
opened a path towards making it a reality. ■
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Figure 1 | Trapping and pairing atoms in one 
dimension. Liao et al.3 trapped two-component 
spin mixtures of ultracold fermionic atoms in 
an array of one-dimensional tubes, which are 
produced by the interference between two optical 
standing waves (not shown). Each component 
consists of atoms that are in one of two spin states 
(up or down), and the system has an overall spin 
imbalance caused by a difference in number 
between the spin-up and spin-down atoms. For a 
wide range of spin imbalances, the authors find that 
the system has a partially polarized core and fully 
paired wings — a result that is in good agreement 
with theory but in striking contrast to results 
obtained for systems trapped in three dimensions.
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antibody-mediated HIV neutralization. 
Although an inter-spike distance of 15 nm 
is probably just within the wingspan of typi-
cal IgG molecules (10–20 nm), the location,  
spatial orientation and relative directionality 
of the epitope will determine whether such  
bivalent binding is geometrically possible 
(Fig. 1). Even then, compared with monovalent 
binding, the energetic gain from bivalent bind-
ing of IgG to HIV spikes can be rather modest, 
as it is proportional to epitope density on the 
viral surface8 and dependent on geometry. 

Given these circumstances, the immune 
system might take advantage of a feature that 
is normally seen as a liability rather than an 
asset — a lack of absolute antibody specifi-
city. This, however, is not wholly unexpected. 
Biochemists know that absolute specificity is 
an un achievable goal, because the irregular, 
feature-rich surface of a protein will almost 
certainly contain at least a few patches that 
will allow interaction with more than one 
macromolecule, albeit with low affinity. Also, 
practitioners of antibody-detection methods 
are all too familiar with the phenomenon of 
‘non specific binding’ in many commercial 
antibodies. 

Several mechanisms have been proposed to 
explain how antibodies might acquire multi-
ple specificities, and a few have been verified 
from structural studies. In one case9, different 
loop conformations in the antibody structure  
create differently shaped cavities to each of 
which quite unrelated antigens can bind. 
Indeed, antigens themselves can take advantage 
of this strategy: gp120, for instance, uses loop 
flexibility to present decoy conformations to 
the immune system5. In another case10, an anti-
body was engineered to have two distinct but 
spatially overlapping antigen-binding sites in 
its variable domains and could thus bind tightly 
to either of two antigens. In these two exam-
ples, however, the antibodies are not polyreac-
tive; that is, they cannot react with a wide range 
of antigens, but rather show a few well-defined 
specificities. By contrast, Mouquet et al.1 could 
not identify a common molecular trait in their 
polyreactive anti-HIV antibodies that would 
explain the molecules’ polyreactivity.

The authors1 analysed 134 unique anti-
gp140 antibodies derived from the blood of 
six patients infected with HIV and 52 control, 

H I V

Antibodies with  
a split personality
Spikes on the surface of HIV to which antibodies can bind are sparse. One of 
nature’s solutions is to sometimes produce antibodies that bind tightly to a spike 
with one arm and grab another structure with the other arm. See Letter p.591

a n d r e a S  P l ü C k t H U n

Antibodies are usually said to have two 
main features: highly specific recogni-
tion of their target antigenic determi-

nant, or epitope, and the ability of each of their 
two arms to bind to a copy of the same epitope. 
For these characteristics to be effective, the tar-
get epitopes must be spaced closely together on 
the surface of the viral or bacterial pathogen. 
However, Mouquet et al.1 argue on page 591  
of this issue that, in the immune response to 
HIV, some antibodies are selected whose struc-
ture allows them to bind to the glyco protein 
‘spikes’ on the HIV surface with one arm, and 
to another, undefined, molecular structure 
with the other arm. 

An HIV-1 spike is composed of two  
sub units: three molecules of the surface  
glycoprotein gp120 link non-covalently to 
three molecules of the transmembrane enve-
lope glycoprotein gp41 (ref. 2). The external 
portions of these two subunits have been  
engineered in a form known as gp140 to  
isolate neutralizing antibodies that recognize 
either of the subunits.

But each HIV particle has only 14 ± 7 spikes3 

(even though 73 ± 25 spikes would fit, and can 
be obtained, in engineered simian immuno-
deficiency virus3). So, if the HIV spikes were 
totally randomly distributed, the expected 
average distance between nearest neighbour-
ing spikes would be 23 nanometres (Fig. 1). 
Although there is evidence3 that HIV spikes are 
sometimes found only 15 nm apart — which 
would seem almost close enough for bridging 
by an antibody — most of the spikes do not 
have such a close neighbour (Fig. 1).

It is reasonable to expect that several HIV 
spikes must interact with receptors on the tar-
get cell for the virus to bind efficiently and fuse 
with the target-cell membrane. Indeed, greater 
numbers of spikes per HIV particle are corre-
lated with increased infectivity4, and probably 
with fusion efficiency. The question thus arises 
as to whether HIV derives any advantage from 
having a low spike density, and whether this 
is one of the many factors that make it so dif-
ficult for the immune system to raise a broadly 
neutralizing response to the virus5. 

Previous work4,6,7 has shown that bivalent 
engagement of the IgG antibody improves 

15 nm

120 nm

gp120/gp41

Figure 1 | Dealing with the problem of epitope 
shortage. The spikes on the surface of HIV are 
sparse and often far apart. This makes it difficult 
for the two arms of an anti-HIV antibody to bind 
to two epitopes on different spikes. Mouquet 
et al.1 find that some anti-HIV antibodies are 
polyreactive. Such antibodies bind with high 
affinity to the epitope of a spike and may bind to 
another, as yet unidentified structure with low 
affinity. Here, the antibody, the spikes (only part 
of the structure of which is shown), the virus 
diameter and spike distribution on the virus are 
all drawn to scale, with the antibody drawn next 
to the pair that has the closest inter-spike distance 
(15 nm) found experimentally. (Graphic based on 
a figure prepared by Annemarie Honegger.)

non-gp140-reactive antibodies. They found 
that, as part of the immune response to HIV 
infection, most of the antibodies generated 
are polyreactive, suggesting that one antibody 
arm binds with high affinity to gp140 and the 
other arm binds with low affinity to a second-
ary epitope on the surface of HIV. The produc-
tion of such antibodies by the immune system 
should be useful, as it might overcome the 
problem of the HIV spikes being so few and 
far between. 

The identity of the secondary epitope(s) to 
which the anti-HIV antibodies binds, along 
with gp140, remains unclear. Mouquet and 
colleagues speculate that the phospholipid 
bilayer of the viral envelope might provide 
this low-affinity epitope, but it could equally 
be another epitope within the same spike. It is 
difficult to evaluate this phenomenon quan-
titatively. For practical reasons, the authors 
defined polyreactivity as the ability of an anti-
body to bind to polyelectrolytes (single- and 
double-stranded DNA), to hydrophobic com-
pounds outside their normal context (lipo-
polysaccharide) and to other proteins (insulin 
and KLH). Other workers11 have used different 
panels of substances to evaluate polyreactiv-
ity. But the results might even be influenced 
by the method used to prevent the antibody 
from binding to the plastic surface of the  
assay microtitre plate. This in turn could affect  
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B I O g e O C H e M I S t r Y

Ocean biomes blended
The ratio of nutrient elements in marine subsurface waters is much the same 
everywhere, even though biogeochemically distinct ocean biomes exist. A 
modelling study that includes mixing solves this conundrum. See Article p.550

r a Y M O n d  n .  S a M B r O t t O

The creation of organic matter at the 
ocean’s surface by plankton, and its 
continuous rain to deeper waters, has 

a profound impact on most of the dissolved 
components of sea water. The main features 
of this marine biological pump have been clear 
for some time, as has its crucial role in slowing 
the atmospheric accumulation of carbon diox-
ide — it sequestrates more than 2 × 1015 grams 
of carbon derived from fossil fuels per year1. 
Quantitative predictions of how this system 
will interact with altered climate states are dif-
ficult to make, however, because of the broad 
physiological diversity of marine plankton, the 
absence of detailed information on the tem-
p oral and geographic variations of specific  
populations, and the lack of numerical tools 
with which to address the many variables rel-
evant to defining biogeochemical fluxes. 

On page 550 of this issue, Weber and Deutsch2  
use recent advances in numerical modelling to 
constrain major nutrient pools in the marine 
biological pump more effectively than ever 
before. In this way, they show that mixing 
between distinct ocean biomes has a signifi-
cant role in producing marine biogeochemical 
relationships that were previously attributed to 
spatially invariant biological processes.

Laboratory and field studies document a 
wide range of nutrient utilization ratios — the 
ratios of carbon, nitrogen and phosphorus 
consumption — in marine phytoplankton, 
where the variation is driven by the organ-
isms’ taxonomic diversity and by responses of  
different populations of the same species to 
environmental conditions3,4. This information 
has coexisted somewhat uncomfortably with 
the dominant approach to modelling large-
scale ocean biogeochemical fluxes, in which 
biogeochemical relationships among these 

nutrient elements are defined as constants, 
known as Redfield ratios5.

There are good reasons for the long-standing 
use of Redfield ratios by marine biogeochem-
ists, however. The primary one is the remark-
able consistency of the relationships between 
the concentrations of major nutrients in sub-
surface waters, where most of the respiration 
of the organic matter originally produced by 
plankton occurs. These ratios (of carbon to 
nitrogen, or nitrogen to phosphorus, for exam-
ple) are much the same as the average ratios 
found in plankton in surface waters6. There-
fore, despite evidence disproving the existence 
of universal nutrient ratios in plankton, the 
empirical reliability of the Redfield ratios has 
made them useful in various applications. The 
demonstration by Weber and Deutsch2 that 
horizontal mixing contributes significantly to 
maintaining the relationships among nutrients 
in subsurface waters suggests that the observed 
constancy of these ratios does not depend on 
a strict spatial uniformity in the vertical fluxes 
of nutrients, and instead is compatible with a 
range of surface biogeochemical regimes.

Weber and Deutsch’s modelling work builds 
not only on relatively recent advances in ocean 
sampling, but also on advances in numerical 
modelling methods. As modern oceanographic 
sampling has pushed farther into remote (and 
nutrient-rich) regions such as the Southern 
Ocean, the existence of surface-water areas that 
have nitrogen/phosphorus (N/P) utilization  
ratios significantly lower than Redfield’s  
has emerged7,8. Like terrestrial environments, 
these regions can be characterized as distinct 
biomes on the basis of temperature, mixing 
and light conditions9. In contrast to terrestrial 
systems, however, the fluid nature of marine 
biomes greatly increases the interactions 
between them, a feature that looms large in 
Weber and Deutsch’s analysis2.

Winterthurerstrasse 190, CH-8057 Zurich, 
Switzerland. 
e-mail: plueckthun@bioc.uzh.ch
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which antibodies are classed as polyspecific.
Mouquet and co-workers tested in detail 

whether the binding strength of some of 
the bivalent anti-HIV antibodies to gp120 
increased in the presence (compared with 
the absence) of excess KLH, as an indicator of 
simultaneous binding to two different epitopes, 
one by each arm. A monovalent antibody frag-
ment prepared from the same antibody, and 
that can bind to only one epitope at a time, 
showed no enhancement. Rather, it showed 
the expected high affinity for gp120 and low 
affinity for KLH. However, this experiment 
does not directly reflect the situation at the 
viral surface, and so the authors also tested 
whether the anti-gp120 antibodies could bind 
to liposomes, which mimic the phospho-
lipid bilayer of the HIV envelope. Compared 
with control antibodies, the polyspecific 
ones did indeed bind more efficiently  
to liposomes.

As the immune response develops, anti-
gp140 antibodies undergo a high degree of 
mutation. To investigate whether such muta-
tions influence the antibodies’ polyreactivity, 
Mouquet et al.1 reverted the mutations to the 
sequence present at the onset of the immune 
response in randomly selected anti-gp140 
clones and analysed them. They found that most 
of the resulting clones significantly lost their 
affinity for gp140, but retained poly reactivity. 
This result suggests that the antibodies selected 
in the primary immune response to HIV have 
a higher tendency towards polyreactivity than 
the average antibody in the repertoire.

Is polyreactivity essential for antibodies to 
neutralize HIV? Little polyreactivity has been 
reported for two well-characterized, broadly 
neutralizing anti-gp120 antibodies — b12 and 
2G12 (ref. 11) — or for more recently discov-
ered anti-HIV antibodies12 or the anti-gp41 
antibody 2F5 (ref. 13). However, 2F5 has been 
described11 as polyspecific, because it also rec-
ognizes the membrane phospholipid cardio-
lipin (which may also react nonspecifically  
with other proteins when it is not fully embed-
ded in a membrane). Together, these data 
indicate that polyreactivity is not an essential 
feature of neutralizing anti-HIV antibodies.

Mouquet and co-workers’ results1 therefore 
suggest that the immune system may have the 
option of picking antibodies from the germline 
repertoire that have some degree of polyreac-
tivity as a starting point to ensure the strong-
est eventual affinity. Binding to two different 
epitopes through polyreactivity might well con-
tribute to functional affinity in some cases, and 
high affinity is known to correlate with virus 
neutralization. Alas, even with such naturally 
occurring polyreactive antibodies, HIV out-
smarts the immune system, and so the prospect 
of a broadly effective vaccine based on broadly 
neutralizing antibodies remains elusive. ■ 
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In addition to the recognition of biogeo-
chemically distinct marine biomes, a sec-
ond crucial factor in the authors’ study is the 
development of computational tools that allow 
numerical models of ocean biogeochemistry 
to rapidly attain a steady state10. The results of 
these models inevitably reflect how they were 
initially structured, as well as the concentra-
tions of seawater constituents, such as dissolved 
organic matter, for which there are no exten-
sive data. Assessing the sensitivity of model 
results to the use of alternative parameters is a 
critical but time-consuming task using typical 
numerical approaches. The fast initialization 
methods used by Weber and Deutsch enabled 

Antarctica in the mix. Weber and Deutsch2 find 
that mixing of water from distinct biomes in the 
Southern Ocean around Antarctica, seen here in a 
satellite image, helps to maintain the global average 
ratio of nitrogen to phosphorus in subsurface waters.

them to more extensively evaluate alternative 
choices of the most relevant factors, resulting 
in more robust conclusions.

A large-scale numerical model that couples 
biological and physical aspects of the ocean, 
such as the one used by the authors2, may be 
an unusual tool for a detailed biogeographical 
analysis of ocean plankton. Nevertheless, the 
authors’ investigation of silicate-containing 
regions of the Southern Ocean leaves little 
doubt that diatom growth is associated with the 
low N/P ratio emanating from Antarctic waters. 
Diatoms — single-celled algae — consume sili-
cate to construct their frustules (hard external 
layers), but the exact physiological mechanisms 
correlating their growth to low N/P ratios 
remain unclear, as does the identity of the sub-
groups of diatoms that dominate in this correla-
tion. A more complete picture of the functional 
genes present in marine diatoms is emerging 
from whole-genome sequencing, and may help 
to answer these questions. A major implication 
of Weber and Deutsch’s work, however, is that 
previous models that partitioned observed 
variations in N/P ratios between nitrogen fixa-
tion and denitrification (nitrogen gain or loss 
in the ocean)11 have neglected a third process 
— Southern Ocean diatom growth. The effect 
of this pro cess on ocean N/P ratios in selected 
water masses will now be an additional factor 
to take into account when analysing the marine 
nitrogen cycle.

Challenges lie ahead in applying Weber and 
Deutsch’s approach to lower latitudes, but it is 
essential to assess the role of circulation-induced 
averaging of nutrient relationships on a global 
scale. In the region modelled in the present 

work2, the dominant mixing pathways are well 
understood, the productivity and nutrient fluxes 
are large, and nitrogen fixation and denitrifica-
tion are minor players. At lower latitudes, few, 
if any, of these helpful attributes apply. Even so, 
the authors’ demonstration that mixing between 
ocean biomes contributes significantly to main-
taining average subsurface nutrient relation-
ships that can be distinct from the nutritional 
flux in those biomes is new and exciting. It  
suggests that future analyses of interactions 
between climate and ocean biogeochemistry 
must consider changes in the biogeography of 
specific marine plankton communities, and  
not just the intensity of total production. This 
will help to structure new work in both marine 
ecology and biogeochemistry. ■
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You can mainly blame — or thank — your 
genes for your height. But although an 
estimated 80% of the variability in height 
is thought to be down to genetic factors, 
pinpointing which genes are the main 
drivers is a challenge. Researchers of the 
gIANT Consortium now report the most 
comprehensive analysis yet of genomic factors 
that affect human height (H. Lango Allen et al. 
Nature doi:10.1038/nature09410; 2010).

unlike features such as the ABO blood 
group, which are probably determined 
by single genes, height is a complex trait 
resulting from the cumulative — but 
individually small — contribution of many 
genes. so identifying small-effect genes 
requires studies with large sample sizes. 

Lango Allen et al. performed a meta-
analysis of data from other genome-wide 
association (gWA) studies, investigating 
variations in height in nearly 185,000 adults. 

Their paper, however, is notable not just for 
being one of the largest gWA studies to date, 
but also for identifying the largest number 
(180) of genomic loci associated with a  
single trait. 

gWA studies are often criticized for 
providing data of little immediate significance. 
so what else can be deduced from the 
authors’ findings? The 180 shortlisted loci 
are enriched in genes implicated in abnormal 
skeletal growth; such genes most often lie 
nearest to a height-associated variant. What’s 
more, for five loci, height-linked variants 
correlated strongly with variants associated 
with traits and disorders such as bone mineral 
density, rheumatoid arthritis and obesity. 
One possibility is that the latter variants affect 
height indirectly. The authors argue, therefore, 
that one benefit of gWA studies is that they 
highlight genes deserving of further study. 

But there is at least one more step to go. 

Variants at an estimated 517 other loci may 
make similar or greater contributions and, 
together with Lango Allen and colleagues’ 
180 loci, would account for some 20% of 
height heritability. To identify these additional 
loci, around 500,000 individuals must be 
sampled. Sadaf Shadan

g e n O M I C S

The long and the short of it
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t H O M a S  M .  B r O O k S  a n d  
k r I S t O f e r  M .  H e l g e n

In The Diversity of Life1, E. O. Wilson mem-
orably anoints the species as the “funda-
men tal unit”, the “grail of systematic 

biol ogy”, which, “though nicked and tarnished, 
is in our possession”. Now, in a remarkable 
paper published in Ibis, Tobias et al.2 aim to 
add lustre to the species unit by introducing 
practical guidelines for species delimitation. 

Species have a central role in many branches 
of science, policy and practice: fields as diverse 
as agriculture, forestry, fisheries, pest manage-
ment, forensics, drug discovery, macro ecology 
and conservation depend on the accuracy 
and stability of species limits. Yet, over recent 
decades, this accuracy and stability has been 
eroded, deepening the nicks and tarnishes 
noted by Wilson. The problem 
is most acute where popula-
tions of similar organisms are 
widely separated, because some 
degree of divergence in genes 
or appearance is then likely 
but no test of interbreeding is 
available. Different biologists 
take different views as to what 
level of divergence between iso-
lated populations constitutes a  
species. Worse, the trend has 
been towards recognition of 
progressively smaller levels of 
differentiation as evidence of 
species status. Just as monetary 
inflation can devalue a cur-
rency, this taxonomic inflation3 
can erode the usefulness of the  
species as a robust measure of 
the diversity of life.

In their paper, Tobias et al.2 
step beyond arguments over 
species concepts by standard-
izing criteria for distinguishing 
between subspecies and full 
species, especially to prevent 
trivial distinctions between 
populations from driving taxo-
nomic inflation. Their proposal 
is to use the degree of differen-
tiation between closely related 
bird species living in the same 
places without interbreeding (an 
accepted ‘gold standard’ for rec-
ognition as separate species) as a 

B I O d I V e r S I t Y

A standard for species
Delimitation of species is especially taxing when populations of similar 
organisms occupy non-overlapping geographical ranges. A new quantitative 
framework offers a consistent approach for tackling the problem.

same criteria have revealed many more isolated 
populations deserving species status5.  

It is exciting to consider how Tobias and 
colleagues’ method might be applied beyond 
birds. A strength of the method is that, given 
access to the organisms in the field and the 
museum, it can be implemented with mini-
mal technology. In some cases — for example, 
in frogs and toads, cicadas or some mammals 
— the same phenotypic categories as used 
for birds could probably be applied. But with 
regard to birds, appearance and sound are very 
important; few other organisms are as easy to 
see and hear, at least for the human observer. 
Operational frameworks and thresholds would 
presumably need to be revised and recalibrated 
for different branches of the tree of life, incor-
porating phenotypic characteristics, such as 
teeth, genitalia or pheromones, that serve as 
proxies for reproductive isolation and ecologi-
cal differentiation in other groups. This may 
well require modifications of the approach to 
incorporate distinctions in shape and in quali-
tative (non-continuous) and meristic (count-
able) morphological traits, but this should not 
be insurmountable. 

Today, phylogenetic analysis of DNA 
sequence data is usually considered the most 
powerful tool in systematic biology. Tobias 
et al. note, however, that DNA analysis requires 

technology that is still beyond the 
reach of many taxonomists, and 
that DNA data remain scarce for 
many tropical organisms. They also 
point out that considering inde-
pendently evolving traits across 
the phenotypic spectrum can yield 
a more incisive view of genomic 
differentiation than can analysis 
of relatively few mitochondrial- or 
nuclear-DNA coding regions, for 
example. 

Still, for the framework to stand 
the test of time, the next step must 
be to accommodate genomic 
information, such as differences 
in chromosomal organization6 
and divergences across genomic 
loci that have multiple modes of 
inheritance7, which have produced 
dramatic advances in studies of 
speciation. This will be especially 
crucial in groups that are morpho-
logically conservative, and ever 
more so as the rapid evolution of 
sequencing technology makes 
genomic-scale data available faster 
and at lessening cost8, even from 
degraded sources such as museum 
skins and bones9. Indeed, pheno-
typic and genomic information 
could be extracted from the same 
museum specimens, complement-
ing field collection of vocalizations 
and ecological data.

Even with comprehensive 

Figure 1 | Diversity delimited. The laughingthrushes, illustrated by H. Burn 
in the Handbook of the Birds of the World11, encompass a great diversity of 
closely related forms living in different parts of Asia. Tobias and colleagues’ 
framework2 promises to shed light on species limits in such situations.

yardstick to determine species status between 
those living apart. 

The idea itself is not novel — indeed, it has 
been central to taxonomy for a century or 
more4. Rather, Tobias and colleagues’ inno-
vation is to establish a rigorous, quantitative 
framework for comparing diverse pheno-
typic traits spanning morphology, pattern and  
colour, vocalization and behaviour. They 
calibrate thresholds for their proposed system 
using 58 species pairs from 29 families of birds. 
Testing these thresholds reveals that their yard-
stick agrees with the current classification of all 
but two of 23 pairs of geographically separated 
populations of well-known European birds 
considered to be the same species. However, the 
priority regions for comprehensive application 
of the authors’ framework must surely be in the 
tropics (Fig. 1), where previous versions of the 
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for many of the remarkable applications of the 
rapidly developing field of plasmonics4.

If the size of plasmonic nanoparticles — 
those composed of highly conducting metals —  
approaches or exceeds several tens of nano-
metres, they scatter light strongly. This is a 
beautiful phenomenon, and can be witnessed 
when sunlight obliquely strikes glass win-
dows in churches and cathedrals (Fig. 1) — 
presumably, these contain gold, silver and 
copper nanoparticles. However, such light 
scattering causes broadening and dulling of 
the nanoplasmonic resonances, making them 
less significant in fundamental science and less 
suitable for applications. It would therefore be 
useful to use smaller nanoparticles, which 
do not suffer from such a drawback. But it is  
difficult to fabricate, assemble and tune them 
to specifications.

n a n O S C I e n C e

Dark-hot resonances
The resonant behaviour of clusters of gold nanoparticles has been tuned by 
gradually bringing the particles together. The approach could have many 
applications, including chemical and biological sensing.

M a r k  I .  S t O C k M a n

Resonances are ubiquitous natural phenom-
ena that occur on all spatial scales — from the 
largest distances in the Universe to the tiniest 
dimensions of elementary particles. They have 
great significance in both fundamental science 
and practical applications. Writing in Nano 
Letters, Hentschel et al.1 describe the ability to 
switch a special type of resonance, termed Fano 
resonance2, on and off in spectra of assemblies 
of nanometre-sized gold particles.

A resonant system, generically called an 
oscillator, undergoes an oscillatory motion 
that repeats in time with a certain frequency 
(or, correspondingly, period). When subjected 
to a periodically oscillating external force of 
nearly the same frequency as its own, an oscil-
lator experiences resonance: with each new 
period, the oscillator gains some energy from 
the external force, which acts in unison with 
the oscillator’s motion, and the amplitude of 
the motion increases. In atoms and molecules 
subjected to electromagnetic fields, resonances 
show up in spectra as narrow peaks of absorp-
tion, emission or scattering. (Other types of 
resonance exist that are caused by inter actions 
with magnetic, nuclear and gravitational 
fields.) In certain cases of optical excitation, 
in which two quantum paths lead to the same 
final quantum state of the system, the reso-
nance peaks have specific asymmetrical line 
shapes due to the interference of the paths’ 
quantum amplitudes. Such resonances were 
first described by Ugo Fano in 1935 and are 
now widely called Fano resonances.

In the optical region of the electromagnetic 

Figure 1 | The magnificent glass window of La Sainte Chapelle in Paris. The window’s deep yellow and 
red colours (bottom) — seen on exposure to oblique sunlight — are probably caused by the scattering of 
light from silver, gold and copper nanoparticles.

spectrum, the strongest resonances are caused 
by surface plasmons — collective oscillations of 
electrons in nanometre-scale metallic systems 
(nanoparticles). When they interact with light, 
surface plasmons lead to highly enhanced, 
nanolocalized optical fields (‘hot spots’)3 at 
the systems’ metallic surfaces. Such nano-
plasmonic resonances form the foundation 

application of a consistent quantitative frame-
work for species delimitation, numbers of 
known species will continue to grow — indis-
putably distinct species continue to be discov-
ered at a remarkable rate, even in well-studied 
groups of organisms10. Indeed, the taxonomic 
challenge across most of the tree of life is not so 
much where to draw the line between species 
and sub species, as it is in birds. Rather, it is that 
many, maybe most, species remain unnamed 
and undocumented, with too few hands on 
deck to help with this pressing task1. Never-
theless, consistent species delimitation within 
the best-known taxonomic groups will surely 
help to bring into focus patterns that may 
apply more broadly across the tree of life. We 

suspect that this approach2 stands to ignite an  
operational revolution in taxonomy, tantamount 
to re-polishing the grail of the species as the  
fundamental unit of biology. ■
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Fortunately, in addition to these ‘bright’ 
nanoplasmonic resonances, there are also 
‘dark’ ones5, which by themselves are not very 
prominent in optical spectra. However, if a 
bright and a dark resonance coexist in a cer-
tain spectral range — which is not unlikely, 
because the bright resonances span relatively 
wide wavelength ranges — then their optical 
fields interfere. This interference significantly 
enhances the manifestation of the dark reso-
nance: it acquires strength from the bright 
resonance and shows up as an asymmetrical 
peak-and-dip profile characteristic of a Fano 
resonance6. An important, albeit counter-
intuitive, property of dark resonances is that, 
at exactly the frequency of the Fano dip, the 
hot spots of the nanolocalized optical fields in 
the nanosystem are strongest. This is because, 
at this frequency, the nanosystem emits 
minimal light and, consequently, does not 
wastefully deplete the energy of the plasmon  
oscillations.

In their study, Hentschel et al.1 use state-of-
the-art nanofabrication techniques to dem-
onstrate the possibility of switching such a 
plasmonic Fano resonance on and off. They 
manufactured symmetrical clusters of gold 
nanoparticles and investigated the clusters’ 
optical response as a function of the inter-
particle separation (Fig. 2). They found that, 
for interparticle separations smaller than 
60 nanometres, the distinct spectral profile of a 
Fano resonance — two uneven peaks separated 
by a pronounced dip — emerges. What’s more, 
on removal of the clusters’ central nanoparticle,  
the Fano profile disappears.

Thus, the authors’ study offers a means to 
circumvent the light-scattering problem that 
plagues the use of the bright nanoplasmonic 
resonances of relatively large nanosystems: 
by switching on the plasmonic Fano reso-
nance in the dense symmetrical assemblies 
of nano particles, the internal electrical cur-
rent driving the light scattering and absorp-
tion is drastically suppressed. Earlier studies7,8 

demonstrated other ways to control plasmonic 
Fano resonances, and to get around the light-
scattering (radiative loss) problem: in the opti-
cal spectral region, by breaking the symmetry 
of the nanostructure7, and in the gigahertz 
regime, through the use of special, artificially 
engineered structures known as metamateri-
als8. An alternative to these and Hentschel and 
colleagues’ approach may be not to fight the 
dragon of the radiative loss with the plasmonic 
Fano resonances but to avoid it altogether — 
by using smaller nanoparticles (of less than 
20 nm) that scatter little light and so do not 
suffer from radiative loss and the subsequent 
broadening of the resonances.

What applications are there, then, for  
nanoplasmonic Fano resonances? One straight-
forward application is the sensing of ultrasmall 
amounts of chemical or biological substances. 
One approach to this is based on the fact that, 
when chemical or biological molecules bind to 
a plasmonic nanosystem, the enhanced opti-
cal fields of the nanosystem’s hot spots polarize 
them. This causes a shift in the frequency of 
the nanosystem’s nanoplasmonic resonance. 
Because nanoplasmonic Fano resonances are 
sharp, and the corresponding hot spots strong, 
this shift is relatively large and can be easily 
detected, thus revealing the presence of such 
molecules.

Another possible application is the widely 
used spectroscopic technique of surface-
enhanced Raman scattering (SERS)9,10, which 
relies on plasmonic hot spots to produce spec-
troscopic fingerprints that identify chemical 
structure, and changes in it, in minute amounts 
of molecules. Nanoplasmonic Fano resonances 
cause very bright hot spots (Fig. 2d) and, as a 
result, could be used to improve the sensitiv-
ity of SERS-based methods and devices. They 
could also be exploited in techniques such as 
surface-enhanced spectroscopy of fluores-
cence11,12 and absorption13.

Last, but not least, is the prospect of using the 
resonances to build a spaser (surface plasmon 

amplification by stimulated emission of radia-
tion)14–18, a nanometre-sized nanoplasmonic 
source of coherent, localized optical fields 
in which surface plasmons play the part that  
photons take in conventional lasers. ■
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Figure 2 | The nanoclusters studied by Hentschel and colleagues1.  
The authors studied the optical response of clusters comprising seven  
gold nanoparticles and found that, for interparticle separations of less  
than 60 nanometres, the pronounced spectral dip of a plasmonic Fano 
resonance emerges. a, b, Absorption spectra for interparticle separation of 
130 nm (a) and 20 nm (b); insets display images of the clusters taken with a 
scanning electron microscope. The Fano dip is marked in b with a D.  

c, d, Simulated local optical fields and corresponding electrical  
currents (blue arrows) at the spectral wavelengths marked C and D in b.  
The vertical bars indicate the colour scale for the magnitude of the  
optical field (relative to the field to which the clusters are subjected).  
The optical field at the Fano dip’s wavelength is characterized by bright  
‘hot spots’ — compare d with c, in which such an effect is absent. (Figure 
adapted from ref. 1.)

CorreCtion
In the News & Views article 
"Nanotechnology: Holes with an edge" 
by Hagan Bayley (Nature 467, 164–165; 
2010), "6-mercaptohexanoic acid", 
mentioned in the fifth paragraph, should 
have read "16-mercaptohexadecanoic acid".
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Translating cancer research into targeted
therapeutics
J. S. de Bono1,2 & Alan Ashworth3

The emphasis in cancer drug development has shifted from cytotoxic, non-specific chemotherapies to molecularly
targeted, rationally designed drugs promising greater efficacy and less side effects. Nevertheless, despite some
successes drug development remains painfully slow. Here, we highlight the issues involved and suggest ways in
which this process can be improved and expedited. We envision an increasing shift to integrated cancer research and
biomarker-driven adaptive and hypothesis testing clinical trials. The goal is the development of specific cancer
medicines to treat the individual patient, with treatment selection being driven by a detailed understanding of the
genetics and biology of the patient and their cancer.

M any important advances in cancer medicine, particularly earlier
diagnoses and better treatment, have led to improving out-
comes from malignant diseases (http://www.cancerresearchuk.

org). As a result, mortality from some common cancers such as those of
the breast and prostate is decreasing in the Western world. Nevertheless,
overall, despite these efforts and huge advances in our understanding of
cancer genetics and biology the prognosis for a number of cancers such
as pancreatic and lung remains in large part dismal.

Anticancer drug development attempts to translate understanding
gained from basic research into improved clinical practice through
cancer clinical trials (Box 1)1. These trials are rationally designed and
executed research tools aimed at testing new ways of screening for,
preventing or treating cancer. The specific goal of early therapeutic
clinical trials is to define the safety, tolerability and pharmacological
properties as well as the antitumour effects of novel agents. Later stage
therapeutic trials attempt to prove that a treatment imparts clinical
benefit, usually compared to standard treatment. These generally
include hundreds to thousands of patients, can last several years
and be very expensive; the often quoted price to generate one licensed
drug is US$1 billion2,3. Frustratingly, the majority of cancer clinical
trials have little impact on either patient benefit or understanding of
cancer biology, raising major concerns about current anticancer clinical
drug development processes2,3. Overall, this is increasing the pressure
on individuals in the pharmaceutical industry to generate anticancer
drugs with broad applicability in cancer patients and therefore large
fiscal returns.

Clinical trials for cancer largely involve a traditional ‘Evidence-based
medicine’ approach that currently focuses on treating patient popula-
tions with molecularly uncharacterized disease, and culminate in large,
pivotal, randomized therapeutic trials aimed at regulatory approval
which can take many years to complete. Usually such an approach aims
to improve survival from advanced cancer by at best some months.
There are major concerns, however, that this ‘one size fits all’ approach
may not be the best or most efficient way to develop drugs4. Evidence for
these stems from the high proportion of negative large randomized trials
for common cancers as well as the very limited benefits achieved for the
small proportion of positive trials that lead to drug approval. Moreover,
in effect, these trials define the best treatment for the average patient
whereas they may not be the best treatment for a given individual.

This traditional population-based trials paradigm pursues the accrual
of large numbers of cancer patients in a statistical attempt to minimize
the effects of uncharacterized heterogeneity in disease biology on clinical
trial outcome. Advances in our understanding of the molecular genetics

1The Institute of Cancer Research, Cotswold Road, Sutton, Surrey SM2 5NG, UK. 2The Royal Marsden NHS Foundation Trust, Downs Road, Sutton, Surrey, SM2 5PT, UK. 3The Breakthrough Breast Cancer
Centre, The Institute of Cancer Research, Fulham Road, London SW3 6JB, UK.

BOX 1

Clinical trials in cancer
Traditional cancer clinical trial design
Phase 1: phase I trials are small (on average these need 20–60
patients) and largely focus on defining safety, tolerability, maximal
tolerated drug dose, describing dose-limiting toxicity and
evaluation of pharmacokinetic-pharmacodynamic relationships.
These can take 1–2years to complete.
Phase 2: phase II trials are larger (30 to200patients) andgenerally
evaluate antitumour activity of the therapeutic strategy in question,
usually in a tumour type (for example prostate cancer) with little
patient selection based on disease biology. Oncology Phase II trials
are often non-randomized, which is quite different to Phase II trials
for other diseases. These can take 1–2years to complete.
Phase 3: thesearegenerally very large, expensive trials (400–2000
patients) taking many years to complete and are designed to show
astatistical benefit inaclinical endpoint, commonlyoverall survival,
in a usually unselected population with a tumour type.
Biomarker driven, hypothesis testing, cancer drug trials
Although they have the same three phases, trials will be more
flexible and adaptive contingent on the acquired clinical and
translational data, questioning and answering key biologic
hypotheses using analytically validated biomarkers and
addressing the following:
Proof of mechanism: determination of the optimal dose range and
dosing schedule to achieve sufficient target blockade for long
enough, as determined by analytically validated
pharmacodynamic assays.
Proof of concept: evaluation of the antitumour activity of the
therapeutic selected patient populations using analytically
validated predictive and intermediate endpoint biomarkers.
Pharmacogenomics: assessment of inter-patient variability to
achieve optimal target blockade and minimize toxicity;
identification of patients most likely to benefit from strategy
providing early clinical qualification of predictive biomarker.
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of cancer, however, suggest that the complexity of the heterogeneity of
human malignancy both between patients with one disease type arising
at a particular site as well as between cancer cells within one patient, is
such that population-based unselected approaches have major limita-
tions for the development of novel cancer therapeutics5. We believe that
this established drug development paradigm is proving to be a bottle-
neck in the delivery of benefit from our burgeoning understanding of
tumour biology. We envisage that the rapid evolution, and decreasing
cost, of increasingly high-throughput molecular technologies will enable
a ‘Personalized’ or ‘Stratified’ medicine, hypothesis-testing, approach.
This will allow us to raise the bar of what is expected from clinical and
translational research, with larger benefit being delivered to patients
from novel therapeutic strategies6. Moreover, the degree of benefit from
a new treatment should preferably be recognized in early trials before
larger trials are pursued. This will result in a decrease in the proportion of
large, late stage, negative trials and allow a focus on delivering increased
understanding of human cancer biology and the development of pre-
dictive biomarkers. This ‘Perspectives’ article outlines a roadmap of how
we believe that improvements in cancer treatment can be accelerated by
reiterative, efficient, high-fidelity translation of biological insights
between laboratory and clinic.

Importance of a strong biological hypothesis
Most new cancer drug approvals are for agents against existing targets
with only a small minority being novel7. This is less likely to be due to
the lack of suitable targets but rather to the difficulty, time required,
cost and attrition rate involved in anticancer drug development, as
well as a lack of proper validation of novel targets and commercial
pressures. We believe that the critical first step, if the process is to
result in a clinically useful therapeutic approach, is a strong biological
basis for the target (Box 2). Necessary for this, but not sufficient, is the
identification of an altered molecular target in the cancer to provide a
therapeutic window and therefore a clear basis for selective tumour
cell cytotoxicity with absolute or relative sparing of normal cells8.
Inherent in this, and an absolute requirement, is the definition of a
target patient population and a practical method to identify them in a
clinical context (a ‘biomarker’ or ‘companion diagnostic’)9 (highlighted
in red in Box 2). The mantra of ‘no biomarker, no drug’ is now heard
echoing regularly in the halls of pharmaceutical companies; in practice,
however, this is often neglected.

An imperative for successful drug development remains the need to
identify targets that cancer cells are absolutely reliant on (‘mission
critical’) so that when these functions are blocked there is a lethal or
cytostatic effect. Many of these approaches are based on concepts such
as oncogene addiction10, non-oncogene addiction11 and synthetic
lethality12,13 that attack the ‘hallmarks’ of cancer11,14 and increasingly
use high-throughput genetic screens and data integration15. Preferably,
these will be targets to which resistance is not easily gained. However,
we need to recognize that our understanding of how a cancer cell is
wired compared to normal cells is still remarkably rudimentary. It is
now becoming apparent that what have been described as discrete
pathways are likely to be complex interacting networks. It is perhaps
not surprising then that the effects of inhibiting one component may
have highly unpredictable consequences because of, for example, nega-
tive feedback loops or positive reinforcement. However, it seems
possible that adopting ‘systems’-based approaches may help to address
this complexity16,17. Although still in their infancy, these computational
methodologies coupled with deep transcriptomic, genomic, proteomic
or metabolic profiling promise an integrated approach and with this, a
better understanding of interacting molecular networks. This should
allow us to start thinking in a more rigorous fashion about how drugs
perturb networks rather than discrete pathways and to use this
information to develop new ‘network’ therapeutic strategies.

Once an in vitro target has been established, the thorny issue of in
vivo validation arises. Traditionally, this has involved treating mice
xenotransplanted with human cancer cell lines. Many have questioned

how valid these systems are for the preclinical assessment of anti-
cancer agents, for a variety of reasons18,19. These include concerns that
cancer cell lines have been adapted to grow in the laboratory, some-
times for decades, and therefore may not be indicative of the behaviour
of the actual tumour they are meant to represent: they are frequently
genetically very ill defined, there is a potential mismatch between
human tumour cells and mouse stroma, a severely compromised
immune system in the host animal, and the endpoints used in these
experiments are often ill-defined and inconsistent. Although we con-
cede that these models are useful in helping to define the potential
pharmacological properties of an agent, we believe that, in general,
they can be of limited value in defining the potential efficacy of an
agent in treating human cancer. In part, this may be due to improper
interpretation of the data—the reality is, however, that some phar-
maceutical companies still use positive performance of a drug in mul-
tiple xenograft systems as an encouragement to progress a drug
without consideration of what the models actually represent. A more
stringent preclinical evaluation might prevent some drugs going for-
ward that might fail later, saving money and time. Potentially, although
this remains contentious, genetically defined mouse models of cancer
are likely to be much more informative, even though they may be
slower and more expensive to use. A compromise model might be
the use of orthotopic transplantation of genetically defined mouse
cancers or the use of human cancers directly transplanted into mice
without in vitro culture. In summary, there is an urgent need for

BOX 2

Recommended schema for
hypothesis testing anti-cancer
drug development

Patient population and drug target selection

Biological insight from laboratory and translational studies

First in human clinical trial(s)

↓
Rapid dose escalation to minimize number of patients treated at low, 

biologically inactive, dose levels

↓
Proof of mechanism acquired using pharmacodynamic biomarker 

studies in normal tissue and tumour tissue/cells:

Quantitative assessment of target blockade critical: 

how much inhibition and for how long?

↓
Proof of concept hypothesis testing at dose/s and drug administration schedule 

(once or twice daily or weekly etc) that impact target sufficiently and for long 

enough based on preclinical studies in selected patient population using 

analytically validated putative predictive biomarker (enrichment biomarker)

↓
Biological insights from the clinic regarding disease sensitivity and resistance 

using intermediate endpoint biomarkers evaluating antitumour drug activity

↓
Reiterative translational laboratory research

↓

↓
Compound screening

biochemical- or cell-based 

assays established

↓
Drug discovery program

↓
Lead identification

↓
Candidate therapeutic selection

↓
Preclinical pharmacology 

(pharmacokinetics and 

pharmacodynamics) 

and toxicology

↓

↓
Biomarker development program

↓

Pharmacodynamic biomarker 

development

and

Predictive biomarker development 

for patient population selection

↓

↓
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models that can be used in drug development that mimic the clinical
disease better.

A pervasive problem among cancer biologists is that many have
little understanding of what constitutes a good or feasible therapeutic
target. This could be improved by much closer communication
between cancer biologists, drug developers and oncologists20. This
we believe is critical, as it is largely academia, and to some extent
focused biotechnology companies, that are best placed to define valid
new therapeutic targets and patient selection markers rather than
pharmaceutical companies, where pressures can lead to a short-term
and milestone-driven mentality; this is fine for producing a drug but
inappropriate for the truly innovative biology that propels paradigm
shifts.

Testing biological hypotheses in clinical trials
The availability of an increasingly large number of novel, rationally
designed, molecularly targeted anticancer drugs, and the many possible
combinations of these agents, makes possible the conduct of biological
hypothesis testing in clinical trials (Boxes 1 and 2)21. Reproducible and
analytically validated biomarkers are absolutely mandatory to deliver
these trials (Box 3)22. These trials must now not only address more
traditional endpoints pertaining to drug safety, pharmacology and anti-
tumour activity, but also consider addressing from the outset key bio-
logical hypotheses including the identification of the appropriate
patient population (Box 2).

Early clinical trials should continue to initially focus on drug safety
and tolerability and to evaluate pharmacokinetic (drug levels) and
pharmacodynamic (effect of drug on target(s)) disposition. However,
to minimize delay and the treatment of patients at ineffective doses in
first human Phase I studies, rapid dose escalation using either acceler-
ated titration designs or a continued reassessment method involving
unselected patients should be pursued until doses modulating the
target are achieved. Confirmation of the desired target effect by phar-
macodynamic studies is described as proof of mechanism. The degree
and duration of target modulation in tumour tissue is also very important
and it is vital that early translational studies establish optimal drug
dosing and dosing frequency as well as duration of drug administration
for maximal antitumour activity. Pharmacodynamic studies can be
conducted on normal tissue (such as blood, hair follicles and skin)
but optimally involve tumour tissue analyses. As tumour biopsies
can often be impracticable, there is increasing interest in using circulat-
ing tumour cells (CTC) acquired from the blood of cancer patients for
such studies23,24.

Even though maximal target blockade may be achieved at lower
doses, in general we believe that drug dose escalation should be pur-
sued to as high a dose as can be safely achieved (maximum tolerated
dose) whenever possible. This recommendation is based on concerns
regarding the limited dynamic range of some pharmacodynamic
assays and highly heterogeneous drug delivery to different sites of
disease. Indeed, evidence of target modulation and proof of mech-
anism at one site, as determined by pharmacodynamic studies, should
not be equated with achieving the desired target modulation at all
sites25,26. High interstitial tumour pressures and tumour hypoxia are
common in parts of many cancers; reversing poor drug delivery has
been reported to be particularly critical to the treatment of cancers
such as pancreatic cancer but is poorly studied in the clinic26,27.

Once proof of mechanism is acquired, with target modulation
achieved, patient selection using adaptive trial designs and what are
best described as ‘enrichment biomarkers’ can be pursued. Enrich-
ment biomarkers are essentially molecular biomarkers that enrich for
patients likely to benefit from treatment, and have the potential to
become predictive biomarkers through a process described as clinical
qualification. Adaptive trial designs to increasingly allow patient accrual
to focus on the responding population, if the hypothesis being tested
increasingly appears correct, are evolving and need careful considera-
tion28,29. Seamless transition in the same protocol from dose escalation

to assessment of antitumour activity in initially unselected and then
increasingly selected populations is initially envisaged. An example of
such an evaluation is the trial we conducted with the PARP inhibitor
olaparib30, which provided proof of mechanism and concept regarding
the use of PARP inhibitors and which has ignited major interest in this
field (Box 4). Such clinical trial data, if significant antitumour activity is
observed in the selected population, as we have documented with
olaparib in BRCA carrier patients (Box 4), will provide early support
for the clinical qualification of the predictive biomarker under evaluation
and expedite the development of registration strategies. Other examples
of biological hypothesis-testing trials to support this approach are
described in Box 5 (refs 31–35). We believe that early clinical qualification

BOX 3

Biomarker acquisition for
translational trials
Biomarkers are characteristics that are objectively measured and
evaluated as indicators of normal biological or pathogenic
processes, or of pharmacological responses to a therapeutic
intervention9. Their successful use requires thorough analytical
validation and determination of assay reproducibility and
variability.
Pharmacodynamic (PD) biomarkers
N Key for proof of mechanism studies (confirmation of target
blockade).
N Description of magnitude and duration of PD target blockade is
essential.
N PD usually conducted initially in easily acquired normal tissue
such as skin biopsies, hair follicles, whole blood, plasma, peripheral
blood mononuclear cells.
N Normal tissue PD helps describe optimal time-points for
evaluating tumour PD (multiple serial tumour biopsies are often
difficult to acquire safely); tumour biopsies feasible in a proportion
of patients. The evaluation of circulating tumour cells (CTC) in
blood may also allow non-invasive tumour cell target modulation
studies (but CTC PD may not reflect primary/metastatic disease
target modulation).
N Can involve immunohistochemistry or immunofluorescence
which allows differentiation of tumour versus stroma studies; more
quantitative enzyme-linked immunosorbent assays (ELISA)-based
assays preferable but may not be able to distinguish tumour from
stroma (on biopsy lysates).
Predictive/putative predictive or enrichment biomarkers
N Key for proof of concept studies to interrogate hypothesis in
question.
N Allow patient selection for treatment at biologically active drug
doses and schedules deemed by preclinical studies to impart
antitumour effects.
N Early evaluation (described as clinical qualification) of predictive
biomarkers in Phase I studies can help accelerate anticancer
drug development by identifying early antitumour activity,
patient population for these trials, and clinical dissection of disease
biology.
N May involve DNA sequencing, fluorescent in situ hybridization,
gene expression or genomic analysis, immunohistochemistry.
Intermediate endpoint biomarkers
N Key to identifying antitumour activity imparted from drug effect
and to acquire proof of concept.
N This can include tumour radiological measurements (by
computerized tomography scans), measures of tumour cell
proliferation (for example Ki67 immunostaining), apoptosis (for
example cleaved caspase 3 immunostaining), evaluation of anti-
angiogenic effect (for example by dynamic contrast enhanced
magnetic resonance imaging), evaluation of circulating blood
biomarkers such as tumour markers (prostatic surface antigen/
PSA) or CTC counts.
N Imaging attractive and powerful but can be very costly
(particularly if requiring positron emission tomography).
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of analytically validated predictive biomarkers will accelerate the drug
development process and lead to a higher likelihood of successful drug
development, while increasing the possibility of patient benefit from trial
participation.

Using predictive biomarkers to select patients for specific treatments is
not new in cancer medicine. The biochemical evaluation of oestrogen
receptor and HER2 receptor (also known as ERBB2) expression are now
well established as predictors of benefit from endocrine therapies and
trastuzumab (Herceptin, Genentech) in breast cancer36,37. RAS and EGFR
mutations are negative and positive predictors, respectively, of benefit
from epidermal growth factor receptor (EGFR)-targeting antibodies and
small molecules38,39. Nevertheless, most predictive biomarker studies
continue to be mainly pursued very late in the drug development process.
While a large number of molecular targeted anticancer agents are now in
clinical development, few are being co-developed with corollary predic-
tive biomarkers to identify patient subpopulations, although this concept
remains inherent to evaluating targeted therapeutics. For many mol-
ecularly targeted and rationally designed agents, patient selection will
be essential to successful drug development. Moreover, we believe it is
important that patient selection is commenced as early as possible in the
drug development process. A significant challenge to implementing this
strategy remains the lack of resources invested in the analytical validation
of predictive biomarkers to ensure they meet mandatory standards such
as Clinical Laboratory Improvement Amendments (CLIA) requirements
before their use in clinical trials.

Accessing tumour tissue and tumour tissue banks
Access to optimally preserved and stored tumour tissues linked to
clinical outcomes data is vital to successful biological hypothesis-testing

BOX 5

Other successful hypothesis-testing
cancer trials
Hedgehog pathway signalling
Mutations in Hedgehog pathway genes, specifically genes
encoding patched homologue 1 (PTCH1) and smoothened (SMO),
occur in basal cell carcinomas and some medulloblastomas.
Treatment with an oral, well tolerated, small-molecule inhibitor of
SMO blocked Hedgehog pathway signalling and resulted in
impressive antitumour activity in advanced basal cell carcinoma
and medulloblastoma.
ABL kinase
The study of ABL kinase inhibitors for BCR-ABL driven chronic
myeloid leukaemias is arguably the most important development
in the treatment of haematological malignancy, transforming
disease epidemiology, biological understanding and treatment.
KIT and PDGFR kinases
Small-molecule inhibitors of KIT and PDGFR for gastrointestinal
stromal tumours (GIST) with mutations of these tyrosine kinases.
Mutated V600E B-Raf inhibition
The early evaluation of a V600E-mutated B-Raf inhibitor PLX4032
for cancers with this alteration that include many melanomas
(.60%), some colorectal carcinomas (10%), most anaplastic and
papillary thyroid carcinomas and low-grade serous ovarian
carcinoma68,69.
Targeting ALK
Oncogenic mutant or fusion variants (chromosomal
rearrangements) of the anaplastic lymphoma kinase (ALK) gene
have been identified in several human cancers includingnon-small
cell lung cancer (NSCLC), anaplastic large cell lymphomas,
neuroblastomas, and myofibroblastic tumours. A subset of NSCLC
has a rearrangement in which the echinoderm microtubule-
associated protein-like 4 (EML4) gene is fused to ALK; this can be
identified by a fluorescent in situ hybridization (FISH) assay. This
disease is highly sensitive to treatment with an ALK inhibitor70.

BOX 4

PARP inhibitors for BRCA-deficient
cancers
1. Generation of robust hypothesis
Demonstration of activity and selective cytotoxicity
In vitro evidence for the 1,000-fold differential sensitivity of
Brca22/2 cells to PARP inhibition by the PARP inhibitor
Ku0058948, when compared with isogenic Brca21/2 and
Brca21/1 cells, providing a potentially large therapeutic window
and a robust hypothesis to test in clinical trials66.

2. Biomarkers for PARP translational studies
Predictive biomarker
BRCA sequencing for loss of function mutations in patients with a
strong family history of BRCA-associated cancers
Pharmacodynamic (PD) biomarker
Inhibitionofpoly(ADP)-ribosepolymer formation (peripheralblood
mononuclear cells as well as tumour biopsies taken pre- and post-
treatment) and presence of cH2AX formation in normal tissues
(hair follicles).

Intermediate endpoint biomarker of clinical benefit
Radiological and biochemical evidence of disease regression.

3. Biological hypothesis testing trial
Phase I trial
PARP inhibition with olaparib is safe, with drug well tolerated.
Proof of mechanism acquired: PARP is inhibited in PD assays.
Proof of concept generated: olaparib has significant and durable
antitumour activity in cancers of BRCA carrier patients (ovary,
breast and prostate) with no toxicity to somatic BRCA1/2 non-
tumour cells in BRCA carrier patients.
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Left panel, pre-treatment samples; right panel, post-treatment assay fol-
lowing patient treatment with PARP inhibitor olaparib. Marker detection
by immunofluorescence30 (courtesy A. Tutt).
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Computerized axial tomography (CAT) scans of BRCA mutation carrier
ovarian cancer patients treated with olaparib taken before (left), and after
(right), olaparib treatment. These scans represent clinical proof of concept for
synthetic lethality by PARP inhibition in cancers with loss of BRCA function30.
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translational research. This is critically important for biomarker and
robust biological hypothesis development as well as for prospective
patient selection for these trials. Necessary for this is the establishment
of prospective and comprehensive tissue banks in Cancer Centres.
These require considerable resource allocation, procedure standardiza-
tion and dedicated personnel. Importantly, we must move to the situ-
ation whereby tumour collection and biomarker assessment occurs in
real time in trials, to allow the rapid selection of cancer patients for
participation in the relevant hypothesis-testing therapeutic trials.
Moreover, repeated access to tumour material to evaluate any genetic
evolution in the disease, which can happen either spontaneously or due
to therapeutic selective pressures, needs to be considered. Such changes,
which are inherent to the genomic instability seen in many cancers, can
result in drug resistance and need to be recognized. Repeated biopsy of
tumour tissue remains a major challenge but may be, at least in part,
addressed by the molecular characterization of circulating tumour
DNA and circulating tumour cells23,24.

Reiterative translation
Even with a strong biological hypothesis, translation into the clinic
remains a major bottleneck. Careful consideration of how to imple-
ment this must occur early, and requires a critical mass of integrated
investigators and the infrastructure to maximize the likelihood of
success. Modern drug development requires expertise in molecular
and cellular biology, molecular pathology and medical oncology and
input from medicinal chemists, structural biologists, pharmacokinetic-
pharmacodynamic modellers and biomarker teams. A critical aspect of
this is reiterative cycles of interrogation between the laboratory and the
clinic and back to the laboratory. These reiterative studies should be
designed as early as possible in clinical trial development to allow
the acquisition of samples such as tumour tissue to investigate, for
example, mechanisms of drug resistance (primary and acquired).
This would allow the development of further hypotheses for evaluation
in future clinical trials such as studies to reverse drug resistance. Trials
must be designed to continue to drive the dissection of tumour biology
and our understanding of why certain hypotheses are rejected by trial
results. Such reiterative research led to the demonstration that chronic
myelogenous leukaemia (CML) can remain driven by the BCR–ABL
translocation in patients with CML resistant to the first-generation
ABL inhibitor imatinib, and to the successful clinical development of
the second-generation inhibitors dasatinib and nilotinib40–42. This was
enabled by molecular dissection of the resistance mechanism.

Expediting regulatory targeted drug approval
Overall, although we have emphasized biomarker-driven approaches,
broader approaches may need to be considered with some novel agents.
Moreover, pursuing both broader and more selective approaches at the
same time may be a reasonable compromise for some agents. For
example, drugs targeting the PI3K/AKT pathway should be evaluated
in tumour types with evidence of pathway activation (p110a, also
known as PIK3CA mutation or amplification); AKT mutation or amp-
lification; or PTEN loss)43,44. Furthermore, there is significant evidence
that these agents may also affect the tumour stroma and inhibit angio-
genesis. If proof of concept evidence for this can be acquired in clinical
trials evaluating biomarkers of the anti-angiogenic process, then
broader approaches may be indicated. Pursuing broader and selective
strategies concurrently may also decrease risk for anticancer drugs if the
evaluated predicted biomarker has limited sensitivity or specificity.
Unselected patient evaluation, however, has a higher risk of failure in
late-stage trials because of disease molecular heterogeneity unless the
sensitive subtype is very common in the disease overall. Indeed, the
development of the oestrogen-receptor antagonist tamoxifen was suc-
cessful despite the lack of molecular patient selection because oestrogen
receptor positive breast is very common in postmenopausal women45.

Conversely, most therapeutic trials in patients with advanced
castration-resistant prostate cancer (CRPC) have failed to show clinical

benefit, probably due to the high molecular inter-patient heterogeneity
of this disease46,47. In view of this, when we pursued hypothesis-testing
studies of the CYP17 inhibitor abiraterone, which inhibits androgen
and oestrogen synthesis, we elected to attempt to dissect this hetero-
geneity23. This trial tested the hypothesis that CRPC commonly
remains hormone driven48. We showed that abiraterone inhibits
CYP17 in patients and decreased downstream hormone levels while
upstream hormones increased, acquiring proof of mechanism49. We
also established robust proof of concept by showing that this agent had
a high level of durable antitumour activity in CRPC patients50.
Preliminary single-centre studies have indicated that this agent has
higher antitumour activity in cancers with a TMPRSS2/ERG rearrange-
ment than those that do not23; this rearrangement results in a potent
ETS oncogene becoming driven by a promoter containing androgen
and oestrogen response elements (see Fig. 1)51,52. Since antitumour
activity with this agent in both ERG rearranged and unrearranged
subgroups has, however, been reported, this agent is being evaluated
more broadly in unselected patients with multi-centre data being pro-
spectively collected in a large late-stage trial to evaluate this more
extensively.

The evaluation of novel agents for the treatment of advanced prostate
cancer is not only challenged by undissected disease heterogeneity, but
also by the lack of intermediate endpoint biomarkers to measure anti-
tumour activity53. These patients usually do not have radiologically

Chromosome 21
ERG TMPRSS2

ERG TMPRSS2

Separate or 

missing

I

I

II

II

Transcription of ERG 
becomes regulated 

by steroid receptors 

(ARE and ERE)Chromosome 24

b

a

Figure 1 | Proof of concept studies: castration resistant prostate cancer
remains hormone driven and is highly sensitive to CYP17 blockade by
abiraterone. a, Bone scans depicting metastatic prostate cancer responding to
treatment with abiraterone67. Left before treatment, right after treatment.
b, TMPRSS2/ERG rearrangements in prostate cancer. TMPRSS2/ERG
rearrangements result in ERG becoming driven by a promoter that is regulated
by androgen and oestrogen response elements (ARE and ERE). This may
explain why CYP17 blockade by abiraterone, which inhibits androgen and
oestrogen synthesis, is most active in ERG-rearranged cancers52,23.
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measurable disease and measuring overall survival is currently the
primary approvable clinical trial endpoint for this disease. The develop-
ment of intermediate endpoint biomarkers is an absolute requirement
for accelerating the development of novel treatments for all cancers.
Intermediate (surrogate) endpoint biomarkers have been successfully
used for drug approval for other diseases including human immuno-
deficiency virus (HIV) infection, diabetes and cardiovascular disease,
where HIV viral load and CD4 cell count, blood glucose levels and blood
pressure measures, respectively, have proven utility. The rapid develop-
ment of ABL inhibitors for the treatment of CML and their expedited
regulatory approval was also at least in part due to the availability for
this disease of highly specific and sensitive biomarkers of response and
clinical outcome (circulating Philadelphia-positive CML cells, cytoge-
netic response and molecular monitoring by real-time polymerase
chain reaction of BCR-ABL transcripts), although arguably while these
biomarkers are proven prognostic factors they are not yet established as
statistically robustsurrogatesof outcome31,42. However, unlike CML, most
other malignancies do not yet have such easily measurable biomarkers.

The most commonly used measure of antitumour activity remains
tumour shrinkage as measured by radiological imaging54,55. This is
usually taken as being meaningful of patient benefit as is durable
stabilization of cancer growth for at least 6 months. However, tumour
shrinkage does not necessarily equate to clinical benefit to patients
and this cannot usually be the sole evidence to support regulatory
drug approval. Improved biomarkers that can serve as intermediate
or surrogate endpoints to acquire rapid regulatory approval are
urgently needed. These could also potentially identify patient benefit
from a novel therapeutic strategy earlier, assist in early discontinua-
tion of ineffective strategies and identify active anticancer drugs more
efficiently. It would be particularly advantageous if such biomarkers
could be measured easily, rapidly and frequently; these requirements
are probably best met by circulating multiplex assays. The study of
circulating tumour cell counts, circulating tumour DNA (total DNA
or tumour-specific DNA) and the caspase-cleaved cytokeratin frag-
ment M30 have significant promise56–60. Other tested biomarkers
include measures of tumour proliferation and programmed cell death
in tumour biopsies (for example Ki67 immunohistochemistry) as well
as radionuclide imaging61,62; although these have been proposed as
potential intermediate endpoints, they are currently limited by access
tissue and imaging costs, respectively. Moreover, if the hierarchical
tumour stem cell model of cancer research is correct, better inter-
mediate endpoint biomarkers of tumour stem cell eradication will
also be critically important because all the other biomarkers described
may not represent tumour stem cell kill63. Finally, the statistical com-
plexity and rigor required to prove that any of these biomarkers is a
validated and qualified intermediate endpoint remains a major chal-
lenge64,65. This has limited this area of research, which merits signifi-
cant investment.

Implications
There is clearly an urgent need to continue to improve and accelerate the
translation of preclinical research into improved therapeutic strategies
for patients with cancer. Critical to future progress will be an increased
understanding of tumour biology, the identification of disease ‘driver’
molecular targets, the discovery of rationally designed anticancer drugs
and their clinical development singly or in rational combinations. The
detailed mapping by deep sequencing of the cancer genome, with func-
tional evaluation of the complex and multiple molecular perturbations
generated by these changes, will expedite such future progress. Trans-
lating the results of this concerted effort into clinical utility will require
the development of analytically validated biomarker assays that can be
tested in the clinic as potential predictors of benefit from anticancer
drugs. These biomarkers will need to be used to dissect intra-patient and
inter-patient tumour molecular heterogeneity and to support the selec-
tion of the optimal anticancer treatment for the individual patient.
Moreover, they should be increasingly used as intermediate end points

of response. This personalized medicine approach may lead to the
treatment of cancers with different sites of origin using the same thera-
peutic strategies. The early use of patient selection and establishment of
proof of concept in drug development may help minimize the risk of late
and costly drug attrition due to disease heterogeneity, accelerate patient
benefit, improve drug approval registration strategies and result in more
frequent and less costly anticancer drug approvals. Patient selection will
also decrease morbidity and cost by decreasing the number of patients
treated with ineffective agents. It is likely that the spiralling cost of new
agents will mandate such an approach in the near future, if novel
targeted agents are to achieve their full potential. Finally, to achieve this
change will require a sustained and concerted effort from the cancer
research community and must involve basic and translational scientists,
clinicians, theregulatoryauthorities,healtheconomists,aswellaspolitical,
biotechnology, industry and funding partners.
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Ocean nutrient ratios governed by
plankton biogeography
Thomas S. Weber1 & Curtis Deutsch1

The major nutrients nitrate and phosphate have one of the strongest correlations in the sea, with a slope similar to the
average nitrogen (N) to phosphorus (P) content of plankton biomass (N/P 5 16:1). The processes through which this
global relationship emerges despite the wide range of N/P ratios at the organism level are not known. Here we use an
ocean circulation model and observed nutrient distributions to show that the N/P ratio of biological nutrient removal
varies across latitude in Southern Ocean surface waters, from 12:1 in the polar ocean to 20:1 in the sub-Antarctic zone.
These variations are governed by regional differences in the species composition of the plankton community. The
covariation of dissolved nitrate and phosphate is maintained by ocean circulation, which mixes the shallow
subsurface nutrients between distinct biogeographic provinces. Climate-driven shifts in these marine biomes may
alter the mean N/P ratio and the associated carbon export by Southern Ocean ecosystems.

The oceanic cycles of life’s essential elements—carbon, nitrogen and
phosphorus—are closely coupled through the metabolic require-
ments of phytoplankton, whose average proportions of these ele-
ments, C/N/P 5 106:16:1, are known as the Redfield ratios1–3. The
similarity between the average N/P ratio of plankton biomass and
spatial variations of dissolved nitrate (NO3

2) and phosphate
(PO4

32) has long been taken to imply that a relatively constant num-
ber of N atoms per atom of P are assimilated by phytoplankton
throughout the surface ocean and released by the respiration of
organic matter at depth4,5. The Redfield N/P ratio is therefore viewed
as a critical threshold between the N-limitation and P-limitation of
marine photosynthesis and the carbon it sequesters6,7. On millennial
timescales, the global oceanic reservoirs of N and P are thought to be
maintained near the Redfield ratio by species that add N to the ocean
through biological N2 fixation when N is limiting but are out-com-
peted by other plankton when it is not8. The Redfield ratio thus under-
pins the geochemical understanding of species competition and
coexistence and the long-term regulation of ocean fertility and carbon
storage.

The N/P ratios observed in marine phytoplankton span at least an
order of magnitude9 and vary at two distinct levels of biological organ-
ization: phylogenetic differences between species and larger taxo-
nomic groups10, and phenotypic variability between populations of
the same species that are acclimated to different physical or chemical
environments11. The Redfield ratio of N/P 5 16:1 thus has no bio-
logical basis apart from being an approximate average across a wide
range of species and environmental conditions3,12.

To reconcile the biological and geochemical perspectives on
Redfield N/P ratios, some process is required to effectively average
out the wide variations in N/P at the organism level (N/Porg) and
maintain the covariation of NO3

2 and PO4
32 observed in sea water.

Two such mechanisms can be proposed. On the one hand, the local
balance of species and phenotypes and their seasonal succession may
average deviations from Redfield stoichiometry over small spatial
scales within the plankton ecosystem. This process, referred to here
as ecosystem averaging, would lead to the export of organic matter
from the surface with a relatively uniform N/P ratio (N/Pexp) of
,16:1, consistent with the current view. On the other hand, N/Pexp

may vary between marine biomes owing to sustained regional differ-
ences in the physiological state or species composition of the plankton
community. The tight correlation between NO3

2 and PO4
32 could

still be achieved, however, if circulation and mixing in the ocean
interior were to effectively integrate the nutrients exported and re-
mineralized from regions both above and below the Redfield ratio, a
mechanism we refer to as circulation averaging.

Southern Ocean export ratios
These two hypotheses cannot be directly assessed from the composi-
tion of sinking organic matter, owing to the sparse spatial and tem-
poral resolution of those observations9. However, they can be
distinguished on the basis of their effects on the distributions of dis-
solved NO3

2 and PO4
32 in the upper ocean. In the case of ecosystem

averaging, the biological removal and subsequent remineralization of
nutrients at the Redfield ratio would conserve the tracer N*
(N*5 [NO3

2] 2 16[PO4
32], where square brackets denote concen-

tration) along the transport path of a water parcel13. The only sources
of variation in N* would be addition of nitrate through N2 fixation or
atmospheric N deposition, and nitrate removal through anaerobic
denitrification13. In the case of circulation averaging, regions of high
N/P uptake at the surface would cause N* to decrease along flow lines,
whereas regions with low uptake ratios would increase N*. To detect
changes in N* that are caused by stoichiometric variability of plank-
ton, rather than sources or sinks of fixed N, we focus on the Southern
Ocean poleward of latitude 35u S. Here N2 fixation is virtually
excluded by the abundance of dissolved NO3

2 and low iron concen-
trations14, terrestrial N sources to the atmosphere are remote15 and
high O2 concentrations inhibit denitrification16. We also restrict our
analysis to the open ocean north of 70u S, where over 100,000 mea-
surements of NO3

2 and PO4
32 concentrations are widely distributed

throughout the water column17.
In the Southern Ocean, physical and chemical properties are effi-

ciently communicated between ocean basins by rapid circumpolar
currents, so the largest hydrographic gradients are across latitude18.
There is no systematic zonal variation of N* in this region, but its
zonal mean values show pronounced gradients along pathways of the
large-scale meridional overturning circulation (Fig. 1a). In the
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Antarctic zone, N* is higher at the surface than in the circumpolar
deep water upwelling from depth. As these high-N* surface waters are
driven northwards across the Antarctic polar front and the sub-
Antarctic front by westerly winds, they become depleted in NO3

2

relative to PO4
32, reducing N* by ,2mmol l21 between 65u S and

40u S. In the deeper waters, from which nutrients are entrained into
the surface during winter mixing, the opposite gradient is observed:
N* increases towards the north. Consequently, the vertical difference
in N* between the surface and thermocline (DN*5 N*0–75 m 2

N*200–800 m) reverses sign from positive in the Antarctic zone to nega-
tive in the sub-Antarctic (Fig. 1b). This trend is independently
observed in the Pacific, Atlantic and Indian sectors of the Southern
Ocean, indicating that the zonal mean N* gradients are robust.

The compatibility of these observations with the hypothesis of
ecosystem averaging can be tested by predicting nutrient distributions
under the assumption that uptake and remineralization occur univer-
sally at the Redfield N/P ratio (model 1; see Methods Summary). We
simulate the physical transport and biological cycling of nutrients in
an ocean circulation model, using climatological NO3

2 and PO4
32

concentrations throughout the water column at the northern bound-
ary (35u S). In this simulation, the rate of biological PO4

32 export is
diagnosed by damping surface concentrations towards their observed
values, and NO3

2 is removed at a fixed ratio to PO4
32 of 16:1. The

exported nutrients are then remineralized as they sink through the
water column. Predicted export production rates are 10–
100 mmol P m22 yr21, with a peak at ,50u S, in good agreement with
other model and data-derived estimates19. However, the predicted
surface N* gradient increases northwards from 24 mmol l21 in the
Antarctic zone to 22.5 mmol l21 in the sub-Antarctic, and there is

little variation in N* with depth (Fig. 2). This gradient reflects the
isopycnal transport of N* values from the subtropical boundary into
the Southern Ocean, but is inconsistent with the observations (Fig.
1a). The observed N* distribution contradicts the hypothesis of eco-
system averaging, and implies nutrient removal below the Redfield
ratio polewards of ,55u S and above the Redfield ratio to the north.

To derive a quantitative picture of N/Pexp consistent with the nutri-
ent observations, we conduct a second simulation (model 2; see
Methods Summary) in which the export of NO3

2 and PO4
32 are

independently diagnosed south of 35u S. In this simulation, nutrient
supply from below the surface layer is computed using observed
nutrient concentrations in the subsurface, eliminating errors that
might arise from uncertainty in model remineralization rates
(Supplementary Fig. 1). The basin-integrated export fluxes are
0.125 Mmol P yr21 and 2.05 Mmol N yr21, yielding a basin-wide
export ratio of N/P < 16.5:1, nearly identical to the Redfield ratio.
However, large deviations from the Redfield ratio are revealed on
the regional scale, with N/Pexp , 16:1 throughout most of the polar
ocean and N/Pexp . 16:1 in the sub-Antarctic (Fig. 3a), as anticipated
from N*. The zonal mean export ratio varies almost twofold with
latitude, increasing from 12.5 6 2 at 60u S to 20 6 1 at 40u S (Fig.
3b), consistent with the limited observations of nutrient drawdown
ratios20. This meridional trend is not dependent on the choice of
circulation model, the biological parameterization, the depth of net
nutrient uptake or the inclusion of dissolved organic matter cycling
(Supplementary Notes and Supplementary Figs 2–5). It derives from
the northward decrease in surface N* and its vertical gradient along
shallow pathways of the meridional overturning circulation.

Sources of N/P variability
The latitudinal variation in N/Pexp reflects the elemental composition
of the plankton that assimilate nutrients and export them from the
surface. Nutrient uptake ratios measured in algal monocultures are
highly species dependent10, suggesting that species distributions could
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Table 1 | Correlation of N/Pexp with potential sources of variability
Zonal

(n 5 35)
1u 3 1u

(n 5 11,408)
Expected relationship Ref.

Direction N/P range

Community
composition*

298 250 Negative 10–31 10

Light (mixed layer
average)

62 19 Negative 7–41 11

Summertime growth
rate{

86 39 Negative 8–45{ 12

[Fe] 72 22 Positive 9–14 24
Temperature 89 38 Positive 20–25 25

Zonal and 1u 3 1u values are correlation coefficients (100R2) from model results, with negative values
indicating negative correlations. The expected direction and N/P range are obtained from culture or
modelling studies that varied the property independently. The direction of the relationship is opposite
to that expected for growth rate and light, and the magnitude is too large to be explained by iron
concentration or temperature.
*Characterized by percentage export by diatoms.
{Estimated from nutrients, light, iron concentration and temperature (Supplementary Information).
{Obtained by varying allocation to reproductive machinery in cellular model.
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influence N/Pexp on large scales in the ocean. The region from 35u S to
70u S encompasses two distinct ecological biomes, the Antarctic polar
biome polewards of 55u S and the Westerly Winds biome to the north,
each with characteristic plankton communities and trophic interac-
tions21. Direct observations are too sparse to determine the commun-
ity structure on the scales required here, but diatoms are consistently
reported as a major component of Southern Ocean assemblages22.
Diatoms are the only algal family to build silica-based frustules, so
their fractional contribution to exported organic matter (wdiat) can be
diagnosed from the observed silicic-acid (Si(OH)4) distribution23

(Methods Summary). Consistent with observations22, silica export
fluxes show that diatoms account for over 80% of N export through-
out the Si(OH)4-replete Antarctic polar biome, and less than 20% in
the Si(OH)4-poor Westerly Winds biome (Fig. 3b). A strong negative
correlation exists between the N/P ratio of nutrient export and the
fraction of that export attributed to diatoms:

N
�

Pexp ~ 20:39{9:6wdiat Pv0:0001ð Þ
This indicates that Southern Ocean communities comprise diatoms
with a low N/P ratio, of ,11:1, and a remaining population with a
high average N/P ratio, of ,20. This simple characterization of
the plankton community structure accounts for 50% of the spatial

variance in the N/P ratio of nutrient drawdown and 98% of the vari-
ance in its zonal mean value.

We also consider a range of environmental properties that can
influence N/Porg at the phenotypic level (Table 1 and Supplemen-
tary Methods). Cellular resources are selectively allocated to P-rich
reproductive biomolecules during exponential growth12, and N-rich
protein-pigment complexes during slow growth under light limitation11.
In diatom cultures N/Porg varies as a function of iron availability24,
whereas in picoplankton cultures it is moderately sensitive to temper-
ature25. In all cases, the diagnosed trend in N/Pexp is either weakly
correlated with the relevant environmental parameter or inconsistent
with the direction or magnitude of its predicted effect.

These findings indicate that large-scale variability in nutrient
uptake ratios stems primarily from the relative abundance of species
with distinct metabolic requirements. Similar species-driven devia-
tions from the Redfield ratio have been observed on smaller scales in
the Southern Ocean20,26. In the coastal waters of the Ross Sea, the local
balance of low-N/P diatoms and high-N/P prymnesiophytes was
found to maintain an export ratio of N/P < 16:1 on relatively small
spatial scales26. In contrast, we find that the long-term biogeography
of plankton communities produces regional deviations from Redfield
uptake ratios across vast expanses of the open Southern Ocean.

Ocean circulation averaging
In the presence of large spatial variations in N/Pexp, vigorous physical
mixing is needed to enforce the observed covariation between NO3

2

and PO4
32 (ref. 5). To test this circulation averaging mechanism, we

conduct a third simulation in which N/Pexp is diagnosed from surface
nutrients and organic particles transmit the signature of variable
plankton stoichiometry into the subsurface, where they remineralize
(model 3; see Methods Summary). The predicted subsurface nutrient
concentrations can be considered the sum of the accumulated product
of remineralization within the Southern Ocean ([NO3

2]rem and
[PO4

32]rem) and a component that is transported either from the
surface waters as unutilized nutrients or from outside the Southern
Ocean (Supplementary Methods).

Directly beneath the zone of net community production,
[NO3

2]rem/[PO4
32]rem increases northwards from ,12.5:1 in the

Antarctic zone to ,21:1 in the sub-Antarctic, reflecting the full range
of latitudinal variability in N/Pexp (Fig. 4). However, within 100 m of
the compensation depth mixing has reduced this variability by .50%,
and below 500 m horizontal differences in [NO3

2]rem/[PO4
32]rem are
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small and within the range detected from nutrient analyses in other
basins4. The mixing of remineralized nutrients is sufficient to main-
tain the strong correlation (R2 5 0.99) of NO3

2 and PO4
32 in the

subsurface, with a slope of N/P 5 15.6:1 that is indistinguishable from
the observed slope. Mixing is not strong enough, however, to entirely
homogenize the remineralized nutrient ratios, and the small varia-
tions that remain bring the thermocline N* distribution into better
agreement with the observations than in the Redfield prediction
(Supplementary Fig. 6).

Whereas the hypothesis of ecosystem averaging cannot account for
N* gradients in the surface of the Southern Ocean, circulation aver-
aging is consistent with both surface and subsurface observations. The
canonical covariation in NO3

2 and PO4
32 in the deep ocean is thus

maintained not by a uniform N/P ratio of nutrient assimilation and
remineralization but by physical mixing across biogeographic pro-
vinces that are stoichiometrically very different.

Biogeochemical implications
Deviations from the Redfield N/P ratio on the scale of ocean biomes
has broad implications for the understanding of nutrient limitation
and the marine carbon cycle. The relationship between diatom pro-
duction and community N/P ratio in the Southern Ocean is likely to
exist throughout the surface ocean, although its detection from obser-
vations is confounded by exogenous inputs of fixed N and possibly a
wider range of physiological acclimations on the global scale. In oligo-
trophic regions of the low-latitude ocean where Si(OH)4 is scarce,
this relationship implies a nutrient drawdown of ,20:1, consistent
with the observed stoichiometry of sinking organic matter in the
North Pacific Ocean27. This suggests that plankton communities of
the subtropical ocean gyres may be more strongly N-limited than was
previously recognized. The high metabolic N/P requirements in these
biomes would expand the environmental selection for N2 fixation by
diazotrophs, which is in turn essential to sustaining the high N
demand of the non-diazotrophic community. In this sense, the rela-
tionship between diazotrophs and other plankton may be more
mutualistic than competitive. This helps resolve a previously noted
paradox in the North Atlantic Ocean, where diazotrophs create a
basin-scale excess of NO3

2 relative to a Redfield PO4
32 quota but

do not erase their ecological niche28.
The stoichiometry of macronutrients also influences the amount of

carbon sequestered in the deep ocean7. Because the cellular C/P ratios
of plankton vary most strongly with N/P (ref. 9), the carbon export
and air–sea CO2 fluxes associated with a given degree of PO4

32 draw-
down depend on the balance of biomes with distinct N/P require-
ments. Recent evidence for reduced upwelling and opal production
during the Last Glacial Maximum29 suggests that diatoms were less
prevalent in the glacial Southern Ocean. This would have increased
the N/P ratio of nutrient removal, reconciling the apparent increase in
NO3

2 use while PO4
32 concentrations remained constant30.

According to a simple three-box model of the oceanic carbon cycle31,
a 25% increase in high-latitude C/P ratios, reflecting an increase in N/
P from 16:1 to 20:1, would reduce the concentration of atmospheric
CO2 by ,15 p.p.m. from interglacial levels. The predicted effects of
contemporary climate warming on Southern Ocean upwelling32 and
the global distribution of marine biomes33 could initiate perturbations
in the marine nutrient and carbon cycles that cannot be anticipated by
fixed-stoichiometry biogeochemical models.

METHODS SUMMARY
Model. We simulated the physical transport and biological cycling of nutrients in
an ocean circulation model with a horizontal resolution of 1u and 23 vertical
layers using the transport matrix method34. The geographic domain was split into
two regions: an interior solution region (I), in which tracer distributions were
simulated, and a boundary region (B), from which observed nutrient distribu-
tions17 were transported into the interior. The conservation equations for nutri-
ents (C stands for NO3

2 or PO4
32) and dissolved organic nutrients (Corg stands

for dissolved organic N or P) are:

LCI

Lt
~AICIzABCB{JexzJrem{JorgzkorgCorg,I ð1Þ

LCorg,I

Lt
~AICIzABCorg,BzJorg{korgCorg,I ð2Þ

The A matrices represent physical transport processes within the interior region
(AI) and into the interior from the boundary (AB). The J terms represent net
biological nutrient removal from the surface (Jex), remineralization in the subsur-
face (Jrem) and production of dissolved organic nutrients (Jorg). Corg degrades by
first-order decay at the rate korg.
Simulations. We conducted three Southern Ocean simulations, in which annual
mean nutrient distributions and fluxes were predicted by integrating equations
(1) and (2) to the steady state. In model 1, the boundary was set at 35u S and
PO4

32 export was diagnosed by damping surface concentrations towards their
observed values on a time scale tdamp:

Jex(CI)~ max
CI{Cobs,I

tdamp
,0

� �
ð3Þ

NO3
2 export and remineralization were computed assuming a constant ratio of

N/P 5 16:1. In model 2, the Southern Ocean subsurface was incorporated into the
boundary region, and the export of each nutrient was diagnosed independently
using equation (3). Nutrient export by diatoms was estimated from diagnosed
silicon fluxes and a simple model of the diatom Si/N ratio23,35. In model 3, the
Southern Ocean subsurface was incorporated back into the solution region, and
nutrient export and remineralization were simulated independently for N and P.
See Supplementary Methods for further information.
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Global threats to human water security
and river biodiversity
C. J. Vörösmarty1*, P. B. McIntyre2*{, M. O. Gessner3, D. Dudgeon4, A. Prusevich5, P. Green1, S. Glidden5, S. E. Bunn6,
C. A. Sullivan7, C. Reidy Liermann8 & P. M. Davies9

Protecting the world’s freshwater resources requires diagnosing threats over a broad range of scales, from global to local.
Here we present the first worldwide synthesis to jointly consider human and biodiversity perspectives on water security
using a spatial framework that quantifies multiple stressors and accounts for downstream impacts. We find that nearly
80% of the world’s population is exposed to high levels of threat to water security. Massive investment in water
technology enables rich nations to offset high stressor levels without remedying their underlying causes, whereas
less wealthy nations remain vulnerable. A similar lack of precautionary investment jeopardizes biodiversity, with
habitats associated with 65% of continental discharge classified as moderately to highly threatened. The cumulative
threat framework offers a tool for prioritizing policy and management responses to this crisis, and underscores the
necessity of limiting threats at their source instead of through costly remediation of symptoms in order to assure global
water security for both humans and freshwater biodiversity.

Water is widely regarded as the most essential of natural resources, yet
freshwater systems are directly threatened by human activities1–3 and
stand to be further affected by anthropogenic climate change4. Water
systems are transformed through widespread land cover change, urb-
anization, industrialization and engineering schemes like reservoirs,
irrigation and interbasin transfers that maximize human access to
water1,5. The benefits of water provision to economic productivity2,6 are
often accompanied by impairment to ecosystems and biodiversity, with
potentially serious but unquantified costs3,7,8. Devising interventions to
reverse these trends, including conventions9 and scientific assessments10

to protect aquatic biodiversity and ensure the sustainability of water
delivery systems11, requires frameworks to diagnose the primary threats
to water security at a range of spatial scales from local to global.

Water issues feature prominently in assessments of economic
development6, ecosystem services3, and their combination12–14.
However, worldwide assessments of water resources2 rely heavily on
fragmented data often expressed as country-level statistics, seriously
limiting efforts to prioritize their protection and rehabilitation15.
High-resolution spatial analyses have taken understanding of the
human impact on the world’s oceans16,17 and the human footprint on
land18 to a new level, but have yet to be applied to the formal assessment
process for freshwater resources2 despite a recognized need19,20.

The success of integrated water management strategies depends on
striking a balance between human resource use and ecosystem pro-
tection2,9,10,21. To test the degree to which this objective has been
advanced globally, and to assess its potential value in the future,
requires systematic accounting. An important first step is to develop
a spatial picture of contemporary incident threats to human water
security and biodiversity, where the term ‘incident’ refers to exposure
to a diverse array of stressors at a given location. Many stressors
threaten human water security and biodiversity through similar

pathways, as for pollution, but they also influence water systems in
distinct ways. Reservoirs, for example, convey few negative effects on
human water supply, but substantially impact on aquatic biodiversity
by impeding the movement of organisms, changing flow regimes and
altering habitat. Similarly, non-native species threaten biodiversity
but are typically inconsequential to human water security.

Here we report the results of a global-scale analysis of threats to fresh
water that, for the first time, considers human water security and
biodiversity perspectives simultaneously within a spatial accounting
framework. Our focus is on rivers, which serve as the chief source of
renewable water supply for humans and freshwater ecosystems2,3. We
use river networks to redistribute the distinctive impacts of stressors on
human water security and biodiversity along a continuum from head-
waters to ocean, capturing spatial legacy effects ignored by earlier
studies. Our framework incorporates all major classes of anthro-
pogenic drivers of stress and enables an assessment of their aggregate
impact under often divergent value systems for biodiversity and
human water security. Enhancing the spatial resolution by orders-of-
magnitude over previous studies (using 309 latitude/longitude grids)
allows us to more rigorously test previous assertions on the state of the
world’s rivers and to identify key sources of threat at sub-national
spatial scales that are useful for environmental management. Finally,
we make the first spatial assessment of the benefits accrued from tech-
nological investments aimed at reducing threats to human water secur-
ity, revealing previously unrecognized, global-scale consequences of
local water management practices that are used extensively worldwide.

Global patterns of incident threat
Using a global geospatial framework22, we merged a broad suite of
individual stressors to produce two cumulative incident threat indices,
one for human water security and one for biodiversity. The resulting
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maps reflect the central role of hydrology in spatially configuring
environmental impacts, with local stressor loads routed downstream
through digital river networks23 and adjusted for new sources and
dilution (Supplementary Methods and Supplementary Fig. 1).
Similar to an approach used for marine systems16,17, multiple stressors
were combined using relative weights to derive cumulative threat
indices. Stressors were expressed as 23 geospatial drivers organized
under four themes (catchment disturbance, pollution, water resource
development and biotic factors). Expert assessment of stressor impacts
on human water security and biodiversity produced two distinct
weighting sets, which in turn yielded separate maps of incident threat
reflecting each perspective.

We find that nearly 80% (4.8 billion) of the world’s population (for
2000) lives in areas where either incident human water security or
biodiversity threat exceeds the 75th percentile. Regions of intensive
agriculture and dense settlement show high incident threat (Fig. 1), as
exemplified by much of the United States, virtually all of Europe
(excluding Scandinavia and northern Russia), and large portions of
central Asia, the Middle East, the Indian subcontinent and eastern
China. Smaller contiguous areas of high incident threat appear in
central Mexico, Cuba, North Africa, Nigeria, South Africa, Korea
and Japan. The impact of water scarcity accentuates threat to dry-
lands, as is apparent in the desert belt transition zones across all
continents (for example, Argentina, Sahel, Central Asia, Australian
Murray–Darling basin).

Spatial differentiation of incident threat also arises from the inter-
action of multiple factors. China’s arid western provinces would be
expected to show high threat due to minimal dilution potential, but
sparse population and limited economic activity combine to keep
indices low. In contrast, heavily populated and developed eastern
China shows substantially higher threat, despite greater rainfall and
dilution capacity, especially within the Yangtze basin. Other large
rivers are incapable of fully attenuating the impacts of concentrated
development. Over 30 of the 47 largest rivers, which collectively dis-
charge half of global runoff to the oceans, show at least moderate
threat levels (.0.5) at river mouth, with eight rivers (for human water
security) and fourteen (for biodiversity) showing very high threat
(.0.75).

A strikingly small fraction of the world’s rivers remain unaffected
by humans. Remote areas of the world including the high north
(Siberia, Canada, Alaska) and unsettled parts of the tropical zone
(Amazonia, northern Australia) show the lowest threat levels.
Across remote areas (Fig. 1), incident threat arises largely from
trans-boundary atmospheric pollution. A mere 0.16% of the Earth’s
area experiences low scores for every contributing stressor (that is,
lowest decile globally).

Upstream–downstream transects of incident threat yield signatures
of human water security or biodiversity conditions unique to each
river that arise from the action of hydrology and networked flow paths
(Fig. 2). Such transects highlight the diversity of stressors in river
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Figure 1 | Global geography of incident threat to human water security and
biodiversity. The maps demonstrate pandemic impacts on both human water
security and biodiversity and are highly coherent, although not identical
(biodiversity threat 5 0.964 3 human water security threat 1 0.018; r 5 0.97,
P , 0.001). Spatial correlations among input drivers (stressors) varied, but were

generally moderate (mean | r | 5 0.34; n 5 253 comparisons). Regional maps
exemplify main classes of human water security threat (see main text and
Supplementary Fig. 4). Spatial patterns proved robust in a variety of sensitivity
tests (Supplementary Methods and Supplementary Discussion). Threat indices
are relative and normalized over discharging landmass.
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systems, combining the accumulation of diffuse non-point source
pollutants with dilution by less impacted tributaries, often punctuated
by point sources from large urbanized areas. Levels of threat often
grow in the downstream direction (for example, the Huang He and
Nile rivers), indicating the accumulation of residual stressor impacts
generated upstream and augmented by dense development along
major river corridors. The Amazon shows the reverse, with impacts
from human-dominated source areas in Peru and Bolivia persisting
but progressively diluted downstream. Even sparsely settled basins
like the Lena in Siberia with generally low threat can show the impact
of development near the river mouth. The proliferation of densely
settled areas in the coastal zone including mega-cities means that its
many rivers show high threat over virtually their entire length (for
example, Paraı́ba do Sul (São Paulo state), Pasig (Manila), Ogun
(Lagos)).

Our results agree with recent field surveys, underscoring the dire
state of river health. Recent sampling of rivers across the United States
showed impairment across 750,000 km (50%) of sampled river length
and demonstrated the coincidence of multiple stressors, with agricul-
tural factors predominant24. In China, 45% of major river reaches
surveyed in 2008 were moderately to badly polluted25. Reviews of
global pollution based on water monitoring26 and modelling studies27

have shown broadly similar patterns to our threat maps. Our results
are also congruent with previous threat assessments conducted at the
coarser catchment and ecoregional scales7,28 (Supplementary
Discussion), yet provide the much greater levels of spatial detail
needed for environmental planning and management.

Despite the variety of stressors that we considered, our study and all
previous assessments7,28 of anthropogenic impacts are conservative
owing to insufficient information on pharmaceutical and other syn-
thetic compounds, mining, interbasin water transfers, and other com-
monplace stressors1,3. Our current inability to account for in-stream
transformations, stressor synergies21, concentrated impacts during
low flow periods, and threats to smaller streams (#Strahler order 5;
1:62,500 scale)23 are additional limitations. Finally, uncertainties in
stressor data are inevitable, but our standardization procedures lim-
ited their influence on our results (Supplementary Information).

Chief determinants of global threat
Globally, the catchment disturbance, pollution, and water resource
development themes are spatially well correlated (r $ 0.75 for human
water security, P , 0.001; r $ 0.62 for biodiversity, P , 0.001;
n 5 46,517 grid cells), reflecting congruent gradients of human activ-
ities and their impacts (Supplementary Table 3). Biotic factors are less

strongly correlated with other themes (r # 0.37 for human water
security, P , 0.001; r # 0.44 for biodiversity, P , 0.001), reflecting
the spatial decoupling of fish species introductions from human
population density (Supplementary Table 3) and the broad distri-
bution of inland fisheries. Incident threats to human water security
and biodiversity are themselves well correlated (Fig. 1), with the high-
est levels in heavily settled regions.

In areas of high incident threat (.0.75), water resource develop-
ment and pollution are dominant contributing themes for both
human water security and biodiversity (Fig. 3), and they typically
occur together. Their combined importance derives from the water-
borne nature of the stressors: water pollution distributed throughout
the world’s rivers is broadly coincident with the widespread presence
of engineering works that enable the overuse and mismanagement of
water in many locations. Catchment disturbance and biotic factors
have a secondary role in high incident threat areas as their stressors
often represent more localized effects.

High levels of incident human water security and biodiversity
threat emerge only from the spatial concordance of high scores for
many stressors (Fig. 3). Stressors within the catchment disturbance
and pollution themes generally act in unison across human water
security and biodiversity, highlighting shared sources of impact, with
cropland the predominant catchment stressor and nutrient, pesticide
and organic loads dominating pollution sources. For the remaining
themes, stressors act more independently, reflecting distinctions
between human water security and biodiversity perspectives.
Stressors associated with impoundments and flow depletion are the
clearest sources of biodiversity threat by directly degrading habitat,
while negligibly affecting human water security. These results high-
light the diverse and unique sets of stressor impacts confronting
rehabilitation efforts in high impact areas, and argue for replacing
current fragmentary approaches to management with integrative
strategies that deliberately alleviate multiple sources of threat29.

Reducing threats to human water security
Our incident threat maps do not reflect technological investments
that can improve human water security. To capture this effect, we
derived an ‘investment benefits factor’, depicting supply stabilization,
improved water services and access to waterways, then used it to
calculate an ‘adjusted human water security threat’. Comparison of
incident and adjusted human water security threats reveals that tech-
nological investments produce globally significant, positive impacts
on human water security and substantially reconfigure exposure to
threat (Fig. 4 and Supplementary Information). Highly developed
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Figure 2 | Incident biodiversity threat transects from headwaters to ocean.
Distinctive patterns characterize each river system resulting from complex
spatial patterns of stressor loadings across the catchment plus mixing of higher
and lower concentration tributary waters through river networks. Transects
represent the collective impact of stressors operating within particular

development settings, and thus serve to diagnose the chief factors giving rise to
threat or to identify critical areas at risk, as shown for the Nile (Natl, National).
Threat indices depict conditions over the full basin at set distances from river
mouth, but can be reconfigured to track individual reaches or tributary sub-
basins.
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regions with high incident threat (for example, United States, Western
Europe) often show much lower adjusted threat indices, gaining bene-
fit from massive investments in water infrastructure, the total value of
which is in the trillions of US dollars2,3,30. Investments by high-income
countries benefit 850 million people, lowering their exposure to high
incident threat by 95%, with corresponding values for upper middle-
income countries of 140 million and 23% (Table 1). Minimal invest-
ment in developing countries means that their vulnerability remains
high, with 3.4 billion people in these regions residing in areas showing
the highest adjusted threat category.

Our analysis is a spatial expression of the many water security
challenges facing the world’s poor, as identified in case studies, docu-
mentary evidence and global, although fragmentary, data2,6,12 (Fig. 4).
Most of Africa, large areas in central Asia and countries including
China, India, Peru, or Bolivia struggle with establishing basic water
services like clean drinking water and sanitation31, and emerge here as
regions of greatest adjusted human water security threat. Lack of
water infrastructure yields direct economic impacts. Drought- and
famine-prone Ethiopia, for example, has 150 times less reservoir stor-
age per capita than North America32 and its climate and hydrological
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Figure 3 | Theme and driver contributions in areas where incident threat
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overall incident threat. For the individual drivers (right), scores are relative to
other drivers in the same theme. Bars summarize results over the entire
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(top). Incident human water security (HWS) threat is converted to reduced
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context. Colour spectra depict three measures of threat (increasing, blue to red)
and investment benefits (increasing, light to dark).
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variability takes a 38% toll on gross domestic product (GDP)2. The
number of people under chronically high water scarcity, many of
whom are poor, is 1.7 billion or more globally2,3,15, with 1.0 billion
of these living in areas with high adjusted human water security threat
(.0.75).

Contrasts between incident and adjusted human water security
threat are striking when considered relative to national wealth.
Incident human water security threat is a rising but saturating func-
tion of per capita GDP, whereas adjusted human water security threat
declines sharply in affluent countries in response to technological
investments (Fig. 5). The latter constitutes a unique expression of
the environmental Kuznets curve33, which describes rising ambient
stressor loads during early-to-middle stages of economic growth

followed by reduced loading through environmental controls insti-
tuted as development proceeds. The concept applies well to air pollu-
tants that directly expose humans to health risks, and which can be
regulated at their source33. The global investment strategy for human
water security shows a distinctly different pattern. Rich countries
tolerate relatively high levels of ambient stressors, then reduce their
negative impacts by treating symptoms instead of underlying causes
of incident threat.

The biodiversity dilemma
We find that 65% of global river discharge, and the aquatic habitat
supported by this water, is under moderate to high threat (.0.5). Yet,
we were unable to compute a globally meaningful estimate of adjusted
biodiversity threat due to the paucity of relevant data but also the
reality that much less comprehensive investment has been directed
to biodiversity conservation than to human water security34,35.
Limited global investment in environmental protection and rehab-
ilitation means that stresses on biodiversity for many locations go
unabated. In addition, the substantial reductions in incident human
water security threat through point-of-service strategies emphasizing
water supply stabilization and delivery incorporate some of the very
factors that negatively impact biodiversity through flow distortion
and habitat loss. This helps to explain why environmental Kuznets
curve benefits that typically rise with increasing levels of affluence do
not necessarily hold for fish biodiversity36 or water quality33, and why
river restoration efforts often fail29. Indeed, Europe still suffers sig-
nificant biodiversity threat despite concerted, high-level efforts aimed
at achieving the contrary35,37.

The worldwide pattern of river threats documented here offers the
most comprehensive explanation so far of why freshwater biodiversity
is considered to be in a state of crisis38–41. Estimates suggest that at least
10,000–20,000 freshwater species are extinct or at risk8,42, with loss
rates rivalling those of previous transitions between geological epochs
like the Pleistocene-to-Holocene43. Although we have not established
causality, our results establish a precursor to future studies that could
link the role of stressors to biodiversity loss more directly.

Rising to a dual challenge
Given escalating trends in species extinction, human population, cli-
mate change, water use and development pressures44, freshwater sys-
tems will remain under threat well into the future. Without major
policy and financial commitments, stark contrasts in human water
security will continue to separate rich from poor. We remain off-pace
for meeting the Millennium Development Goals for basic sanitation
services31, a testament to the lack of societal resolve, when one con-
siders that a century of engineering know-how is available and returns
on investment in facilities are high2. For Organisation for Economic
Co-operation and Development (OECD) and BRIC (Brazil, Russia,
India and China) countries alone, 800 billion US dollars per year will
be required in 2015 to cover investments in water infrastructure, a
target likely to go unmet30. The situation is even more daunting for
biodiversity. International goals for its protection lag well behind

Table 1 | Reconfiguring global exposure to incident human water security threat through technology investments
Income level* GDP (PPP){

(103 US dollars per capita)
Global population

by income level{ (%)
Fraction of population within each income level{ where HWS threat .0.75

Incident HWS threat (%) Adjusted HWS threat (%)

Low ,1 7 43 96
Lower middle 1–5 61 85 88
Upper middle 5–10 14 79 61
High .10 18 90 5

Percentages were determined by summing populations within national-scale designations of income that were exposed initially to high levels of incident human water security (HWS) threat and then residual
adjusted human water security threat, after benefits were tabulated and results re-scaled globally. Differences in the last two columns indicate a major global-scale realignment of relative risk, with human water
security most assured for wealthy nations and least so for the world’s poor. Investments are represented by existing infrastructure comprising water supply, use and delivery services, plus access to waterways
(specific driver data sets and calculation procedures used are given in Supplementary Methods ‘Overview’).
*Approximated from World Bank categories50.
{Classifications are for 200850.
{Computed over the discharging landmass.
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Figure 5 | Globally aggregated human water security threat indices linked to
population and level of economic development. Investments in engineering
infrastructure and services improve water security, with their value expressed
here in reduced threat units. Net benefits accrue to only a fraction of global
population (top). Technology investments greatly benefit wealthy nations,
shifting them from most to least threatened (bottom). The fraction of global
population is over the discharging landmass. GDP (PPP) refers to annual gross
domestic product in 2008 at purchasing power parity exchange50, with
associated grid-cell means of incident human water security threat (red bars)
and reduced threat (yellow; see Fig. 4). Vertical lines represent ranges.
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expectation and global investments are poorly enumerated but likely
to be orders of magnitude lower than those for human water secur-
ity35,45, leaving at risk animal and plant populations, critical habitat
and ecosystem services that directly underpin the livelihoods of many
of the world’s poor46. Left unaddressed, these linked human water
security–biodiversity water challenges are forecast to generate social
instability of growing concern to civil and military planners47.

Our threat maps enable spatial planning to enhance water security
for humans and nature16. Although our intent is not to develop formal
priorities to mitigate risk, we present a final analysis that is instructive
in considering options. Comparing adjusted human water security to
incident biodiversity threats highlights regions where either human
water security or biodiversity challenges, or their conjunction, pre-
dominate (Fig. 6). Such patterns are important to identify because the
main stressors determining human water security and biodiversity
threat are sometimes distinct, thus requiring different and potentially
conflicting management solutions (Fig. 3).

In remote areas with low indices of both human water security and
biodiversity threat, preserving critical habitat and ecosystem pro-
cesses may be the single best strategy to contain future risk, yet the
issue of who will pay for such protection is unresolved34,45. Solutions
for densely settled regions will be more elusive. Although there may be
easy consensus on controlling factors that lead to both human water
security and biodiversity threat (for example, pollution), the decision
to construct large-scale dams is a prime example of how development
pressure is often at odds with biodiversity conservation and thus more
contentious11,48. In populated regions of the developed world, existing
human water security infrastructure will require re-engineering to
protect biodiversity while retaining human water services. Across
the developing world, establishing human water security for the first
time while preserving biodiversity constitutes a dual challenge, best
met through integrated water resource management2 that expressly
balances the needs of humans and nature. Although our results offer
prima facie evidence that society has failed to institute this principle
broadly, there are promising, cost-effective approaches to preserve
and rehabilitate ecosystems29. Engineers, for instance, can re-work
dam operating rules to maintain economic benefits while simulta-
neously conveying adaptive environmental flows for biodiversity49.
Protecting catchments reduces costs for drinking water treatment,
whereas preserving river floodplains sustains valuable flood protec-
tion and rural livelihoods3. Such options offer developing nations the
opportunity to avoid the high environmental, economic and social
costs that heavily engineered water development systems have pro-
duced elsewhere11.

The need to mobilize financial resources to support integrated
approaches remains urgent, lest further deterioration of fresh water
becomes the accepted norm2,34. Habitat monitoring24–26 and spatially
explicit species inventories7 are essential in evaluating the success of
investments31,34 and detecting the emergence of new challenges. Trade-
offs and difficult choices involving competing stakeholders are already
commonplace2,3,48 and resolving these dilemmas more effectively
requires high-resolution spatial approaches that engage policymakers
and water managers at scales relevant to their decisions, including sub-
national administrative units, river basins and individual stream
reaches. Uniting our current approach with ocean-based assess-
ments16,17 will identify areas where improved freshwater and land
management would benefit the world’s impaired coastal zones. If cli-
mate mitigation is any guide, a generational timeframe may be neces-
sary to stimulate sufficient political willpower to address the global
river health challenge. In the meantime, a substantial fraction of the
world’s population and countless freshwater species remain imperilled.

METHODS SUMMARY
Maps of incident threat to river systems were based on spatially explicit data
depicting 23 stressors (drivers), grouped into four major themes representing
environmental impact. We chose drivers based on their documented role in
degrading river systems and the availability of global-scale information with
sufficient fidelity and spatial resolution. Conceptual and computational details
are given in Supplementary Methods. Briefly, impacts of individual drivers ori-
ginated from the spatial distribution of loadings onto 309 (latitude 3 longitude)
grid cells covering the actively discharging portion of global landmass bearing
local runoff or major river corridor flow (46,517 cells representing 99.2 million
km2). Driver loadings were routed down digital river networks23, accounting for
new stressor inputs, and dilution or concentration from tributary mixing, based
on spatial changes in river discharge determined from net precipitation and
abstraction, where appropriate. Global, high-resolution maps of each driver were
then standardized using a cumulative density function that ranked all grid cells,
yielding final driver scores between 0 and 1 that reflect the relative stressor level
on each cell across the globe. The re-scaled driver scores were combined into
overall incident threat indices using a two-tiered relative weight matrix derived
from expert opinion (first among drivers within each theme, then among
themes). We used separate weights to capture differences between human water
security and biodiversity perspectives on each driver and theme (Supplementary
Table 1). Separately, we applied the same procedure to an additional set of five
drivers to derive an index of the beneficial effects of water-related capital and
engineering investments2,3,6,31 in alleviating threats to human water security. By
applying this investment benefits factor to the incident human water security
threat index and re-scaling the global results, we produced the map of relative
adjusted human water security threat (Fig. 4). There is insufficient information to
map corresponding adjustments to incident biodiversity threat.
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Figure 6 | Prevailing patterns of threat to human water security and
biodiversity. Adjusted human water security threat is contrasted against
incident biodiversity threat. Much of the developed world faces the challenge of
reducing biodiversity threat and protecting biodiversity, while maintaining
established water services. The developing world shows tandem threats to
human water security and biodiversity, posing an arguably more significant

challenge. Large, contiguous areas of low threat to biodiversity and human
water security remain where dense population and agriculture are absent.
These contrasts help to identify target regions and investment strategies to
enhance water stewardship and biodiversity protection34,45. In this Figure, a
breakpoint of 0.5 delineates low from high threat.
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Structure of RCC1 chromatin factor
bound to the nucleosome core particle
Ravindra D. Makde1{, Joseph R. England1{, Hemant P. Yennawar1 & Song Tan1

The small GTPase Ran enzyme regulates critical eukaryotic cellular functions including nuclear transport and mitosis
through the creation of a RanGTP gradient around the chromosomes. This concentration gradient is created by the
chromatin-bound RCC1 (regulator of chromosome condensation) protein, which recruits Ran to nucleosomes and
activates Ran’s nucleotide exchange activity. Although RCC1 has been shown to bind directly with the nucleosome,
the molecular details of this interaction were not known. Here we determine the crystal structure of a complex of
Drosophila RCC1 and the nucleosome core particle at 2.9 Å resolution, providing an atomic view of how a chromatin
protein interacts with the histone and DNA components of the nucleosome. Our structure also suggests that the
Widom 601 DNA positioning sequence present in the nucleosomes forms a 145-base-pair nucleosome core particle,
not the expected canonical 147-base-pair particle.

The formation of mitotic spindles, the transport of macromolecules
between the cytoplasm and the nucleus, and the formation of the
nuclear envelope are crucial functions of a eukaryotic cell. These
seemingly disparate functions are all regulated by a concentration
gradient of the small GTPase Ran in its GTP-bound state
(RanGTP) around the chromosomes1–3. This RanGTP gradient signal
is generated when the Ran guanine-exchange factor (RanGEF), also
known as RCC1 (regulator of chromosome condensation), binds to
the nucleosome repeating unit of chromatin, recruits Ran to chro-
matin and activates Ran’s nucleotide exchange activity.

The binding of RCC1 to the nucleosome is central to the formation
of this spatial signal within the nucleus. Structurally, RCC1 is a b-
propeller protein with an amino-terminal tail extension4. Previous
studies have shown that the RCC1 b-propeller domain binds the
histone H2A–H2B dimer component of the histone octamer and that
this interaction does not require the N-terminal tail that has been
implicated in DNA binding5. An unusual post-translational modifica-
tion, N-terminal a-methylation, of human RCC1 seems to further
regulate RCC1’s association with chromatin6,7. Despite these findings,
we currently lack a structural description of the interaction of RCC1
with the nucleosome.

The inadequate understanding of how RCC1 binds the nucleosome
reflects a more fundamental deficit of structural information on how
chromatin enzymes and factors recognize the nucleosome. The
nucleosome core particle is an assembly of 145–147 base pairs (bp)
of DNA wrapped around an octamer of histone proteins (two copies
each of the four core histone proteins H2A, H2B, H3 and H4). The
crystal structure of the nucleosome core particle was determined at
2.8 Å thirteen years ago8, and since then structures of nucleosome core
particles containing histone proteins from different species and vari-
ant DNA sequences of the original human a-satellite sequence have
provided structural insight9–17. However, with the exception of a viral
peptide and artificial ligands bound to the nucleosome18,19, little struc-
tural information is available for the molecular recognition of the
nucleosome despite the central role of this recognition in chromatin
biology and gene regulation.

We have grown crystals of Drosophila RCC1 (Bj1) bound to recom-
binant nucleosome core particles containing Xenopus histones and
used these crystals to determine the structure of the 300-kDa RCC1–
nucleosome core particle complex at 2.9 Å resolution. We find that
loops within the RCC1 b-propeller domain interact with the histone
component and, unexpectedly, with the DNA component of the
nucleosome core particle. This first atomic view of a chromatin pro-
tein–nucleosome complex also provides the structure of a nucleosome
core particle containing the Widom 601 nucleosome DNA position-
ing sequence selected for high-affinity histone octamer association20

and commonly used in chromatin biology studies in vitro. Our results
indicate that 145 bp of the Widom 601 DNA wraps around the his-
tone octamer to form the nucleosome core particle instead of 147 bp
of DNA in the canonical human a-satellite nucleosome core particle.

Overview of the complex
The crystal structure of the RCC1–nucleosome core particle shows
pseudo-two-fold symmetry: one RCC1 molecule interacts with each of
the two histone faces of the nucleosome (Fig. 1). The RCC1 b-propeller
domains extend from each side of the disk-shaped nucleosome core
particle, increasing the dimension along the helical axis of the nucleo-
some from 60 Å to 160 Å. The complex can be likened to the front wheel
of a tricycle, with the nucleosome core particle forming the wheel and
each RCC1 molecule forming a pedal on the side of the wheel. Each
RCC1 molecule is positioned with itsb-propeller wheel perpendicular to
the nucleosome histone face and oriented about 90u to each other. The
two RCC1 molecules make essentially identical interactions with the
nucleosome. RCC1 employs loops in the fourth blade of its b-propeller
to interact with histones and nucleosomal DNA, and the N-terminal tail
is positioned for further interactions with nucleosomal DNA. The
RCC1–histone contacts are made with the H2A–H2B histone dimer
surface of the nucleosome core particle; no interactions with histones
H3 or H4 occur. The binding of each RCC1 molecule to the nucleosome
excludes about 910 Å2 of solvent-accessible area on the nucleosome
surface, with interactions with histone and DNA contributing 77%
and 23% of solvent-excluded surface area, respectively.

1Center for Eukaryotic Gene Regulation, Department of Biochemistry & Molecular Biology, The Pennsylvania State University, University Park, Pennsylvania 16802, USA. {Present addresses: High Pressure
and Synchrotron Radiation Physics Division, Bhabha Atomic Research Centre, Trombay, Mumbai 400085, India (R.D.M.); Temple University School of Medicine, 3500 North Broad Street, Philadelphia,
Pennsylvania 19140, USA (J.R.E.).
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RCC1–histone interactions
b-Propeller proteins often use the loops on each face of the b-propel-
ler toroid to bind to interacting proteins21–23. Because RCC1 employs
loops on one such face to bind to Ran24, it was expected that RCC1
might use loops on the opposite face to bind to the nucleosome4,6,7. On
the basis of biochemical and modelling studies, we have recently
proposed instead that the RCC1 b-propeller uses what we have
termed the switchback loop (between strands 4C and 4D;
Supplementary Fig. 1) to bind to the nucleosome25. This switchback
loop is located not on the face opposite Ran, but instead borders the
RCC1 b-propeller on the face that interacts with Ran4,24.

In our crystal structure, we find that RCC1 does use its switchback
loop to bind to an acidic patch on the histone dimer (Figs 1 and 2a;
electron density for this region is provided in Supplementary Fig. 2a).
The direct interaction of RCC1 with the histone dimer was observed
previously5, and we had further predicted an interaction with the
acidic patch of the histone dimer based on our finding that the
Kaposi’s sarcoma-associated herpesvirus LANA (latency-associated
nuclear antigen) peptide that binds to this acidic patch competes
with RCC1 for binding to the nucleosome in vitro18,25. The histone
H2A–H2B dimer acidic patch on the nucleosome can be thought of as

two depressions separated by a shallow ridge (Fig. 2b). RCC1 uses
arginines from its switchback loop (Arg 216 and Arg 223) to bind to
each depression formed in part by the triad of acidic histone H2A
residues Glu 61, Asp 90 and Glu 92. An extensive network of hydrogen
bonds alternating between RCC1 and histone side chains as well as van
der Waals contacts mediate this interaction (Fig. 2a; detailed in
Supplementary Information). These structural results are supported
by biochemical findings. In particular, the crucial function of RCC1
Arg 223 was predicted in our study that identified the corresponding
human RCC1 residue, Arg 217, as being necessary for the RCC1
b-propeller to interact with nucleosomes25.

The interaction of Drosophila Arg 223 with the H2A acidic triad is
very similar, although not identical, to the interactions of the LANA
peptide Arg 9 with the same triad of H2A residues18 (Fig. 2a, c). Both
RCC1 and LANA peptide interact extensively with the histone dimer
acidic patch, providing a straightforward structural explanation for
the observed competitive binding of RCC1 and LANA peptide to the
nucleosome. Both RCC1 and LANA employ two arginine side chains
to interact with histone dimer residues, both make van der Waals
contacts with H2B Glu 102, Leu 103, His 106 and Val 45, and both
contain serine side chains that interact with H2A Glu 64. However,
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Figure 1 | Crystal structure of RCC1–
nucleosome core particle complex. a, View of
complex looking down the DNA superhelix axis.
RCC1 is shown in yellow-orange (central strand
region), blue and green (loop regions) and red (N-
terminal tail, DNA-binding loop and switchback
loop); the histone H3, H4, H2A and H2B and DNA
components of the nucleosome core particle are
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Figure 2 | Interactions of RCC1, LANA peptide
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nucleosome core particle (NCP) crystal structure
(PDB ID 1KX5).
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whereas side-chain–side-chain hydrogen bonds pervade the polar
interactions between RCC1 and the histone dimer, both side-chain–
side-chain and side-chain–main-chain hydrogen bonds characterize
the LANA–histone dimer interface. It should be noted that the his-
tone dimer acidic patch recognized by RCC1 is part of the same acidic
patch that histone H4 tail binds to by means of crystal packing inter-
actions in the nucleosome core particle crystals8,12 (Fig. 2d). The
interaction between the H4 tail and the histone dimer acidic patch
has been proposed to be important in the formation of higher-order
chromatin structure26,27. It is a striking coincidence that the available
atomic-level descriptions of interactions with the histone octamer sur-
face of the nucleosome core particle all involve the same acidic patch.

RCC1–nucleosome DNA interactions
The RCC1–nucleosome complex crystal structure shows that the
RCC1 loop between strands 4D and 5A (the ‘DNA-binding loop’;
Supplementary Fig. 1) binds nucleosomal DNA by means of phos-
phate interactions (Fig. 3). This interaction had not been predicted in
previous studies. In comparison with the extended hydrogen-bonding
network between RCC1 and the histone dimer acidic patch, the inter-
actions between RCC1 and nucleosomal DNA are relatively modest:
RCC1 Lys 241 and Arg 239 bridge the major groove near superhelical
location (SHL) 6, about 1.5 turns from the end of the nucleosome core
particle DNA, to hydrogen-bond with phosphate groups. In addition,
the NH1 atom of RCC1 Arg 239 interacts with the DNA phosphate
group either through charged interactions or possibly through a hydro-
gen bond (Arg 239 NH1 is 3.5 Å from the guanine 131 O2P atom).
Besides these polar interactions by RCC1’s DNA-binding loop to
nucleosomal DNA, Gln 259 in an adjacent loop is in position to hydro-
gen-bond to the same phosphate contacted by Lys 241 (Gln 259 NE2
atom is 3.4 Å from the guanine 13 O1P atom). These contacts with the
DNA phosphate backbone are consistent with RCC1’s role as a non-
DNA-sequence specific chromatin factor. For example, it has been
shown that the yeast RCC1 orthologue Srm1/Prp20 binds across the
genome to most nucleosomes without sequence specificity28.
Complementing the RCC1–DNA interactions are a limited set of van
der Waals interactions between residues in the RCC1 DNA-binding
loop and histone H2A (Fig. 3; detailed in Supplementary Information).

We have tested the prediction that the DNA-binding loop contri-
butes to RCC1–nucleosome binding by mutating basic residues in the
human RCC1 DNA-binding loop. We find that the human RCC1
b-propeller domain with Lys 232, Arg 234 and Arg 237 all mutated
to Ala is unable to bind to nucleosome core particles (Supplementary
Fig. 3). In contrast, negative controls employing RCC1 with triple

mutations in other similarly exposed loop regions were unaffected
in their nucleosome-binding activity. We also prepared RCC1 var-
iants containing individual mutations of Lys 232, Arg 234 and Arg 237
to alanine and we find that each of these is able to bind to nucleosomes
in the pulldown assay (data not shown). This suggests that multiple
interactions within the DNA-binding loop might be necessary to
stabilize the RCC1–nucleosome complex.

The interactions of RCC1 with nucleosomal DNA are not limited to
those made by RCC1 loops. The N-terminal arm of RCC1 has been
implicated in DNA binding, and we have recently shown that this arm
is involved in nucleosome binding25. Although the Drosophila RCC1
polypeptide present in the crystal includes this N-terminal tail, residues
2–27 are not visible in the electron density map and are presumably
disordered in the crystal. Residues 28 and 29 of the N-terminal arm are
positioned to enter the DNA minor groove adjacent to the major
groove contacted by the RCC1 DNA-binding loop. To address the role
of N-terminal arm residues in nucleosome binding, we prepared
Drosophila RCC1 N-terminal deletion variants. Drosophila RCC1
lacking residues 2–23 formed stable complexes with nucleosome core
particles in size-exclusion chromatography experiments, and the
resulting RCC1–nucleosome core particle complex produced crystals
with similar morphologies to those of complexes containing full-length
RCC1 (data not shown). In contrast, Drosophila RCC1 lacking residues
2–29 failed to form a stable complex with nucleosome core particles in
parallel experiments. This suggests that at least some of residues 24–28
are required for Drosophila RCC1 to bind to the nucleosome core
particle. We note that Drosophila RCC1 residues 22–27 (KAKRAR)
contain positively charged side chains that could potentially interact
with DNA. We further speculate that these N-terminal arm residues
bind in the DNA minor groove or with the backbone phosphate in
multiple conformations in the crystal, and that the lack of a unique or
predominant conformation accounts for the missing electron density
despite the apparent importance of this interaction.

Structure of 601 nucleosome
Our structure provides a first view of a 601 sequence nucleosome core
particle in contrast with all previous nucleosome crystal structures
that contained the human a-satellite DNA sequence or variants
thereof. The Widom 601 sequence was selected from a random
DNA pool to bind with high affinity to the histone octamer20, and
this sequence has become a de facto standard for in vitro nucleosome
reconstitutions in chromatin biology research. The Widom 601
nucleosome core particle in our structure adopts a conformation that
is similar overall to the 147-bp and other human a-satellite nucleo-
some core particles (Fig. 4a) despite the different crystal packing from
previous nucleosome core particle structures, which have all crystal-
lized in the same crystal space group (detailed in Supplementary
Information). Most of the direct histone–DNA contacts observed in
the 147-bp human a-satellite nucleosome core particle structure are
maintained in the 601 nucleosome core particle. The two structures
share striking 10-bp periodicities in the tip DNA base parameter and
the roll, slide and twist DNA base step parameters throughout the
nucleosome (this periodicity is particularly conspicuous when a roll-
ing average is used to plot the parameters) and large alternations of the
shift parameter especially within the central 70 bp (ref. 12)
(Supplementary Fig. 4). The DNA of the 601 and the 147-bp human
a-satellite nucleosomes share very similar conformations within the
central 20 bp around the dyad, which is consistent with the large
number of histone–DNA interactions at SHLs 10.5 and 20.5.

Despite these similarities, the 601 nucleosome structure has signifi-
cant differences from the 147-bp human a-satellite nucleosome. In
particular, we find that the 601 DNA sequence in our structure forms
a 145-bp nucleosome core particle. The disparate DNA lengths within
the 601 and a-satellite nucleosome core particles are the consequence
of differences localized around SHLs 15 and 25 (Fig. 4a; electron
density provided in Supplementary Fig. 2b, c). At these two locations,
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Figure 3 | Interactions between RCC1 and nucleosomal DNA. RCC1’s N-
terminal tail approaches the DNA minor groove at SHL 6.5, whereas its DNA-
binding loop and an adjacent loop bind across the major groove at SHL 6.
Hydrogen bonds (less than 3.2 Å long) are shown as yellow dotted lines;
potential hydrogen bonds are shown in blue.
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the 601 DNA is overwound compared with the a-satellite DNA,
resulting in 12 bp of 601 DNA where 13 bp of a-satellite DNA would
be (Fig. 4b, c). This increase in DNA twist for the 601 DNA around
SHLs 15 and 25 is accompanied by larger DNA slide values than in
the a-satellite DNA nucleosome (Supplementary Fig. 4) and some
changes in histone–DNA contacts at this location (Supplementary
Fig. 5 and Supplementary Information). Our structure of the 601
nucleosome lends credence to the idea that nucleosomes possess an
ability to absorb some variations in DNA lengths at both SHLs 12 and
22 and SHLs 15 and 25 (Fig. 4d and Supplementary Information),
and this feature may have implications for the mechanism of chromatin-
remodelling enzymes, including those found to interact with nucleoso-
mal DNA near these locations29–31.

Implications for Ran recruitment
RCC1 recruits and activates the small GTPase Ran to the nucleosome
through direct interactions with both Ran and the nucleosome. Our
structure of the RCC1–nucleosome core particle complex and the
previously determined structure of the RCC1–Ran binary protein
complex24 allow us to examine the implications for Ran recruitment
to chromatin. Superposition of the two crystal structures by means of
the common RCC1 component shows that Ran would not interact
with either histone or DNA components of the nucleosome in this
model for the RCC1–Ran–nucleosome triple complex (Fig. 5). Such a
model would not explain how binding to nucleosomes increases
RCC1’s guanine-exchange activity on Ran5, nor would it explain
how Ran is able to interact with the nucleosome in both the presence
and absence of RCC1 (refs 32, 33).

We recognize at least two possibilities to resolve these discrep-
ancies. First, a conformational change in Ran might allow Ran to
directly interact with the nucleosome. Ran’s carboxy-terminal 20
amino-acid residues adopt different conformations in the ten or more
crystal structures that contain Ran on its own or complexed with
partner proteins. This C-terminal region (coloured white in Fig. 5)
forms a linker and an a-helix that folds back on the globular region of
Ran in the GDP-bound state34. However, in the GTP-bound state, this
C-terminal region can be disordered or the helix can be positioned for
interactions with other proteins (as observed in structures of Ran–
RanBP1 complexes)35–37. It is possible that Ran employs its C-terminal
helix to interact with the nucleosome in the presence of RCC1,
perhaps through interactions previously observed for Ran with the
histone H3–H4 tetramer32 or perhaps with DNA. A second possibility
is that RCC1 modulates its binding to the nucleosome in the presence
of Ran. If the RCC1 b-propeller were to pivot about the switchback
loop region towards the nucleosome, it could position Ran for direct
contact with the nucleosome. Doing so would juxtapose Ran’s
guanine-nucleotide-binding site to the nucleosome, providing a
potential mechanistic basis for how RCC1 binding to the nucleosome
enhances RCC1’s nucleotide-exchange activity on Ran. In this model,
the nucleosome contacts made by the RCC1 DNA-binding loop and
perhaps the N-terminal arm would need to be broken, but they could
be compensated for by new Ran–nucleosome interactions. This second
model is similar to one that we have proposed for the Ran–RCC1–
nucleosome complex25. The two models we describe here differ in
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whether Ran or RCC1 undergoes conformational change, but the two
models are not mutually exclusive. Future biochemical and structural
studies should clarify how these two chromatin proteins can interact
with the nucleosome in a ternary complex to mediate their critical
biological functions.

METHODS SUMMARY
The complex of Drosophila RCC1(2–422) and nucleosome core particles contain-
ing Xenopus core histones and the 147-bp Widom 601 sequence were purified by
size-exclusion chromatography and crystallized against 25 mM sodium acetate
pH 5.5, 25 mM sodium citrate, 1 mM dithiothreitol (DTT), 6–7% poly(ethylene
glycol) monomethyl ether 2000 (PEG-MME 2000) at 21 uC. Crystals were soaked
in 25 mM sodium acetate pH 5.5, 25 mM sodium citrate, 1 mM DTT, 5% ethanol,
10% PEG-MME 2000 containing increasing concentrations of polyethylene gly-
col 400 (0–24% in 2% increments) before flash-cooling in liquid nitrogen.
Diffraction data were collected with an ADSC Quantum 315 CCD (charge-
coupled device) detector at Advanced Photon Source’s NE-CAT beamline 24-
ID-E, and the data were processed with the HKL-2000 program suite38. The
structure was solved by molecular replacement with Phaser software39 and a
search model containing Drosophila RCC1, the histone octamer with tails
removed and the 147-bp human a-satellite DNA, each treated as a rigid body.
Crystallographic refinement was performed with REFMAC5 (ref. 40) and
PHENIX41 together with manual model building in COOT42. The structure was
refined to 2.9 Å resolution with Rwork/Rfree 5 17.49%/21.55%. All molecular
graphics were prepared with PyMOL43.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Complex preparation and crystallization. Drosophila RCC1(2–422) was
expressed in BL21(DE3)pLysS Escherichia coli as an N-terminal hexahistidine
fusion at 18 uC. The fusion protein was purified by metal-affinity chromato-
graphy with Talon resin (Clontech), the N-terminal tag was removed with
tobacco etch virus (TEV) protease, and the cleaved protein was further purified
by SourceS cation-exchange and SourceQ anion-exchange chromatography (GE
Healthcare). Recombinant Xenopus core histones were expressed, purified, and
reconstituted with the Widom 601 DNA sequence into nucleosome core particles
essentially as described previously45. To generate the RCC1–nucleosome core
particle complex, Drosophila RCC1(2–422) protein was mixed with nucleosome
core particles in a 2.2:1 molar ratio and purified by Superdex 200 HR size-exclu-
sion chromatography (GE Healthcare). Crystals of the complex were grown by
mixing 1ml of complex (about 12–18 mg ml21) in 5 mM Tris-HCl pH 7.5, 50 mM
sodium acetate, 1 mM DTT with 1ml of 25 mM sodium acetate pH 5.5, 25 mM
sodium citrate, 1 mM DTT, 6–7% PEG-MME 2000 and then overlaid with 50–
75 ml of Al’s oil (an equal-volume mixture of silicon and paraffin oils) at 21 uC in
96-well microtitre plates. Crystals were also grown by the hanging-drop or sit-
ting-drop vapour diffusion method with microseeding.
Post-crystallization soaks. The RCC–nucleosome core particle crystals diffract
to about 6.5 Å at room temperature with a laboratory X-ray source when
mounted in the mother liquor. Initial cryocooling experiments produced diffrac-
tion to about 5.0 Å with a synchrotron X-ray source. To improve the diffraction
quality, the crystals were soaked in a base soak solution (25 mM sodium acetate
buffer pH 5.5, 25 mM sodium citrate, 1 mM DTT, 5% ethanol, 10% PEG-MME
2000) at 4 uC and then transferred from 0% to 24% PEG 400 in 2% increments
with 10–15 min between each step. The soaked crystals were then flash -frozen in
liquid nitrogen for data collection.
Data collection, data processing, model building and refinement. Diffraction
data were collected with an ADSC Quantum 315 CCD detector at Advanced
Photon Source’s NE-CAT beamline 24-ID-E and the data were processed with
the HKL-2000 program suite38. One copy of the complex is present in the P21

space group asymmetric unit, corresponding to a Matthews packing density
coefficient of 3.34 Å3 Da21 or 63% solvent content. The structure was solved by
molecular replacement using Phaser software39 and a search model containing
three rigid bodies: Drosophila RCC1(39–211, 242–415), the histone octamer with
histone tails removed, and the 147-bp human a-satellite DNA (PDB ID 1KX5)
with the DNA bases changed manually to match the Widom 601 sequence
(Phaser final log-likelihood gain of 7,292). The difference electron density map
after one round of restrained refinement of the molecular replacement structure
solution showed clear positive electron density for the RCC1 N-terminal region
(residues 29–38) and the RCC1 switchback loop region (residues 212–241) omit-
ted from the molecular replacement model. Crystallographic refinement was
performed with REFMAC5 (ref. 40) and PHENIX41 together with manual model
building in COOT42. The final model contained RCC1 residues 28–418 for chain
K, residues 28–421 for chain L; histone H3 residues 37–134 for chain A, residues
40–134 for chain E; histone H4 residues 20–101 for chain B, 17–102 for chain F;
histone H2A residues 12–118 for chain C, residues 12–118 for chain G; histone

H2B residues 29–121 for chain D, residues 29–121 for chain H; DNA residues
272 to 173 for chain I and residues 272 to 173 for chain J. The histone tails are
generally not visible in this structure. The stereochemistry of the protein compo-
nents was analysed with PROCHECK46. Simulated annealing omit maps were
calculated with the CNS software package47.

The complex contains two copies of RCC1 positioned symmetrically about the
nucleosome core particle, itself a pseudosymmetric molecule. However, the
nucleosome core particle in the complex contains the asymmetric 601 DNA
sequence and there do not seem to be sequence-specific contacts between
RCC1 and the nucleosome, either within a complex or between complexes in
the crystal, that would favour one orientation of the DNA. Although the electron
density for the DNA clearly defines the DNA path around the histone octamer, it
is not clear enough here to determine the sequence of DNA at 2.9 Å. Thus, we
cannot definitively determine the orientation of the DNA, nor can we exclude the
possibility that crystal might contain a mixture of nucleosome core particles that
differ in the two-fold orientation of the DNA sequence. We have selected one
orientation after refining the complex in both orientations because the DNA in
this chosen orientation produced a slightly lower real -space R-factor (12.33%
versus 12.63%) in composite omit maps and because the chosen orientation
produced a marginally lower Rfree (21.55% versus 21.79%). It should be noted
that the DNA conformations in the two models are very similar, as are the features
described for the chosen orientation (RCC1–DNA interactions, stretching of
DNA around SHLs 15 and 25, the base pair and base-pair step parameters
shown in Supplementary Fig. 4, and histone–DNA contacts around SHLs 15
and 25).
Data analysis and molecular graphics. CURVES1 software48 was used to ana-
lyse DNA parameters. Root mean squared deviations were calculated with
LSQMAN49. All molecular graphics were prepared using PyMOL software43 with
electrostatic potentials calculated using APBS44.
Pulldown assays. The pulldown assays in Supplementary Fig. 3 used recombin-
ant nucleosome core particles tagged at the N terminus of histone H2B with the
combination Strept-hexahistidine-TEV site affinity tag50. Pulldown assays were
performed as described previously25.
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Spin-imbalance in a one-dimensional Fermi gas
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Superconductivity and magnetism generally do not coexist. Changing
the relative number of up and down spin electrons disrupts the basic
mechanismofsuperconductivity,whereatomsofoppositemomentum
and spin form Cooper pairs. Nearly forty years ago Fulde and Ferrell1

and Larkin and Ovchinnikov2 (FFLO) proposed an exotic pairing
mechanism in which magnetism is accommodated by the formation
of pairs with finite momentum. Despite intense theoretical and experi-
mental efforts, however, polarized superconductivity remains largely
elusive3. Unlike the three-dimensional (3D) case, theories predict that
in one dimension (1D) a state with FFLO correlations occupies a major
part of the phase diagram4–12. Here we report experimental measure-
ments of density profiles of a two-spin mixture of ultracold 6Li atoms
trapped in an array of 1D tubes (a system analogous to electrons in 1D
wires). At finite spin imbalance, the system phase separates with an
inverted phase profile, as compared to the 3D case. In 1D, we find a
partially polarized core surrounded by wings which, depending on the
degree of polarization, are composed of either a completely paired or a
fully polarized Fermi gas. Our work paves the way to direct observation
and characterization of FFLO pairing.

The FFLO states are perhaps the most interesting of a number of
exotic polarized superconducting phases proposed in the past 40 years.
In the original concept of Fulde and Ferrell, Cooper pairs form with
finite centre-of-mass momentum1. Larkin and Ovchinnikov proposed
a related model in which the superconducting order parameter oscil-
lates in space2. These two ideas are closely related, because the oscil-
lating order parameter may be interpreted as an interference pattern
between condensates with opposite centre-of-mass momenta. The
spin density oscillates in the Larkin and Ovchinnikov model, leading
to a build-up of polarization in the nodes of the superconducting order
parameter. Thus, the Larkin and Ovchinnikov state can be considered
a form of microscale phase separation with alternating superfluid and
polarized normal regions. By including more and more momenta,
subsequent theorists were able to evaluate the stability of ever more
complicated spatial structures3.

Previous studies of superfluidity in fermionic atoms show that ultra-
cold atoms form a powerful tool with which to investigate the emer-
gent properties of interacting systems of many particles. Although they
are largely analogous to an electronic superconductor, the atomic
systems feature tunable interactions. This extra degree of control has
led to a number of unique experiments and conceptual advances.
Furthermore, the absence of spin relaxation enables us to spin-polarize
the atoms to explore the interplay between magnetism and superfluidity,
with the potential to observe the FFLO phase. Recent calculations indi-
cate that if a FFLO phase exists in 3D trapped gases, it will occupy a very
small volume in parameter space13,14. Experiments in 3D and in the
strongly interacting limit show that the gas phase separates with an
unpolarized superfluid core surrounded by a polarized shell15–19, with
no evidence for the FFLO phase. Here, we study a polarized Fermi gas in
1D, for which theory predicts that a large fraction of the phase diagram is
occupied by an FFLO-like phase (see Fig. 1a)4–12. In this 1D setting, the
physics should be closest to that described by Larkin and Ovchinnikov,

where an oscillating superfluid order parameter coexists with a spin-
density wave. Owing to fluctuations, the order will be algebraic rather
than long-range. The increased stability of FFLO-like phases in 1D can
be understood as a ‘nesting’ effect, in which a single wavevector connects
all points on the Fermi surface, allowing all atoms on the Fermi surface
to participate in finite momentum pairing, whereas in 3D, only a small
fraction of these atoms are able to do so. Similar enhancements are
predicted for systems of lattice fermions and quasi-1D geometries10,20.

Our work complements studies of astrophysical objects3 and solid-
state systems. Like our current experiment, the solid-state experiments
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1Department of Physics and Astronomy and Rice Quantum Institute, Rice University, Houston, Texas 77251, USA. 2Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, New York 14853,
USA. 3Centre for Quantum Technologies, National University of Singapore, 3 Science Drive 2, 117543 Singapore. {Present address: Laboratoire Charles Fabry de l’Institut d’Optique, UMR CNRS 8501,
Palaiseau, France.

Partially polarized (FFLO)

Vacuum

Fully polarized

Effective magnetic field

1.0

0.5

0.0
0.0 0.2 0.4 0.6 0.8 1.0

C
h
e
m

ic
a
l 
p

o
te

n
ti
a
l

Vacuum

Fully

polarized

Pc

Pc

Partially polarized (FFLO)

a

Low

P High

P

Central tube polarization

R
a
d

iu
s
/(

a z
N

0
1

/2
)

b

Figure 1 | Theoretical T 5 0 phase diagram (adapted from ref. 6).

a, Schematic with m~
1
2

(m1zm2) versus h~
1
2

(m1{m2) , showing three phases:

fully paired (green), fully polarized (blue), and partially polarized (yellow),
which is predicted to be FFLO. In a trap, m decreases from the centre to the edge,
while h is constant throughout the tube. The vertical arrows show two possible
paths from the trap centre to edge: The partially polarized centre is surrounded
either by a fully paired superfluid phase at low h or by a fully polarized phase at
high h. At a critical value of h, corresponding to a polarization Pc, the whole
cloud is partially polarized. b, Phase diagram of the 1D trapped gas with
infinitely strong point interactions. The scaled axial radius is defined in the Fig.
3 caption. The red line corresponds to the scaled radius of the density
difference, and the blue line is the scaled radius of state | 2æ.
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typically involve highly anisotropic materials—made up either of weakly
coupled two-dimensional (2D) planes or 1D wires. Examples include the
organic superconductorl-(BETS)2FeCl4 (ref. 21) and the heavy fermion
superconductor CeCoIn5 (refs 22 and 23). However, FFLO states have
not been conclusively observed in any system.

Details of our experimental procedures are given in the Methods
and in refs 16 and 17. We create a mixture of the two lowest hyperfine
levels of the 6Li ground state, the majority state j1æ, and the minority
state j2æ. An array of 1D tubes is formed with a 2D optical lattice24. The
lattice potential is given by V 5 V0cos2(kx) 1 V0cos2(ky), with k 5 2p/l
and V0 5 12er, where V0 is the potential depth, x and y are two ortho-
gonal radial coordinates, l is the optical trap laser wavelength of
1,064 nm, er 5 B2k2/2m is the recoil energy, and m is the mass of a 6Li
atom. There are several requirements to be met for the system to be 1D.
First, only the lowest transverse mode in each tube may be populated.
This requires that both the thermal energy kBT and the 1D Fermi
energy eF 5 N1Bvz be small compared to the transverse confinement
energy BvH. Here N1 is the number of atoms per 1D tube in state j1æ,
and vz and vH are the axial and transverse confinement frequencies of
an individual tube. Second, the single-particle tunnelling rate t should
be small compared to both eF and T. The condition eF . t is equivalent
to specifying that the Fermi surface is 1D, and the condition T . t
makes the inter-tube coupling incoherent. All conditions are well satisfied
in our experiment: the tube aspect ratio vH/vz 5 1,000 is larger than
N1 < 120 for the central tube; and t/kB < 17 nK is much smaller than
both eF/kB < 1.2mK and T < 175 nK.

We tune an external magnetic field to the Bardeen–Cooper–
Schrieffer (BCS) side (890 G) of the broad 3D Feshbach resonance in
6Li (refs 25 and 26), where the 1D interactions are strongly attractive27,28.
We measure the in situ density of the two spin species by sequential
imaging with two probe laser beams, choosing their intensity and fre-
quency to maximize the signal-to-noise ratio of the density difference
(see Methods). Assuming hydrostatic equilibrium, the 1D spatial density
profiles n1,2(z) can be expressed in terms of m 5 m0 2 V(z), and h 5 h0,
where m0 and h0 are the chemical potential and chemical potential
difference at the centre of the tube, set by the total number of particles
in the tube N 5 N1 1 N2 and polarization P 5 (N1 2 N2)/N; V(z) is the
axial confinement potential. In particular, the phase boundary between
the fully paired and partially polarized regions occurs where the density
difference n1(z) 2 n2(z) 5 0, and the boundary between the fully and
partially polarized phases corresponds to n2(z) 5 0, as shown in Fig. 1b.

Figure 2 shows axial density profiles of state j1æ, state j2æ, and their
differences for a range of polarizations. These images represent the sum
of the linear density in all tubes in our system, and are produced by
integrating our column density images across the remaining transverse

direction. At low polarization, a partially polarized region forms at
the centre of the trap (Fig. 2a), the radius of which increases with
increasing polarization (Fig. 2b). This is distinctly different from a
polarized 3D gas in which the centre is fully paired. At a critical
polarization Pc, the partially polarized region extends to the edge of
the cloud (Fig. 2c). When the polarization increases further, the edge
of the cloud becomes fully polarized (Fig. 2d). From the images of the
atomic clouds we extract the axial radii of the ensemble of tubes of the
minority density and the density difference. The axial radii of the tube
bundle are equivalent to the central tube radius for our experiment
because the inner and outer boundaries both decrease monotonically
going from the central to the outer tubes (see Supplementary Informa-
tion). We perform an inverse Abel transform to obtain the number of
particles and polarization in the central tube. Following ref. 6, we plot
these radii as a function of the central tube polarization (Fig. 3),
normalizing the radii by (N0)1/2az, where N0 is the total number of
particles in the central tube and az 5 (B/mvz)K is the harmonic oscil-
lator length along the central tube. The critical polarization Pc corre-
sponds to the crossing of these two radii where the entire cloud is
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Figure 2 | Axial density profiles of a spin-imbalanced 1D ensemble of tubes.
Integrated axial density profiles of the tube bundles (black circles represent the
majority, the blue diamonds represent the minority, and the red squares show
the difference) are shown as functions of central P. a, At low P (50.015), the
edge of the cloud is fully paired and the density difference is zero. The centre of
the cloud is partially polarized. The density difference has been multiplied by

two for better visibility of the phase boundary (dashed black line). b, For
increasing P (50.055), the phase boundary moves to the edge of the cloud as the
partially polarized region grows. c, Near Pc (P 50.10), where almost the entire
cloud is partially polarized. d, Well above Pc (P 50.33), where the edge of the
cloud is fully polarized and the minority density vanishes.
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Figure 3 | Experimental phase diagram as a function of polarization in the
central tube. The scaled radii of the axial density difference (red diamonds)
and the minority state ( | 2æ) axial density (blue circles) compared with a 175 nK
Bethe ansatz calculation (solid lines). The dimensionless scaled axial radius
R/(azN0

1/2) is plotted, where R is the position along the bundle of tubes where
the respective density vanishes, N0 is the total number of particles in the central
tube, and az is the axial harmonic confinement length. At P < 0.13 6 0.03, both
radii intersect, indicating that the entire cloud is partially polarized. The data
are in reasonable agreement with the theoretical crossing at slightly higher
polarization P < 0.17.
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partially polarized: for P , Pc the radius of the density difference is
smaller than the minority radius, while the opposite occurs for P . Pc.
From a linear fit to the data, we find Pc 5 0.13 6 0.03. We use the
thermodynamic Bethe ansatz to calculate theoretical density distribu-
tions, and carry out an identical analysis. We find quantitative agree-
ment with the experimental density profiles, with a best-fit temperature
of T 5 175 6 50 nK 5 0.15TF (see Supplementary Information). The
theoretical density profiles yield Pc 5 0.17 with weak temperature
dependence.

Although these density profiles do not directly reveal FFLO correla-
tions, the theoretical consensus is that such correlations should be
present. For example, mean-field calculations29 predict that at
T 5 0.15TF, there should be a range of polarizations near Pc that yield
detectable FFLO order. Our stronger interactions should make the
low-temperature phases even more robust11.

We have created a strongly interacting, two-component Fermi gas
in 1D and measured its phase diagram as a function of polarization.
The system is at sufficiently low temperature to observe three distinct
phases, in agreement with theory. This is an example of an optical
lattice-based quantum simulator that produces a phase diagram of
non-trivial quantum phases. Although we have not directly observed
the FFLO phase, the observed density profiles agree quantitatively with
theories that exhibit the 1D equivalent of FFLO correlations at low
temperature11,29. In the future, we intend to measure the pair momentum
distribution of the partially polarized phase to reveal its non-zero pair
momentum directly.

METHODS SUMMARY
We start from quantum degenerate, spin-imbalanced 6Li Fermi gas in a single-
beam far-off-resonance optical trap16,17, which is then loaded into a crossed-beam
optical dipole trap formed by a pair of retro-reflected beams propagating in the x
and y directions. We turn on the 2D lattice by ramping up the optical trap laser
power and rotating the polarizations of the retro-reflected beams to create stand-
ing waves in two orthogonal directions. The intersection of the standing waves
creates 1D tubes with an energy depth of 12er in the central tube, with vH 5 (2p)
2 3 105 Hz and vz 5 (2p) 200 Hz. At a global polarization P < 0, the total number
of atoms is ,4 3 105, giving a total number of atoms in the central tube of
N < 240 6 20. The column densities of each state and their difference is obtained
from two in situ polarization phase contrast images30 taken in rapid succession and
with different detuning. The temperature is determined by fitting the in situ
density of a balanced spin mixture to a Thomas–Fermi distribution and is mea-
sured to be T , 0.05TF before turning on the 2D lattice and T < 0.09 6 0.03TF

after slowly turning on the lattice and then slowly rotating the polarization back to
the 3D trap configuration. The temperature in the lattice is estimated from the in
situ density distributions.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Preparation. We produce a quantum degenerate, strongly interacting, spin-
imbalanced 6Li Fermi gas using our previously published methods16,17. Starting
from a quantum degenerate gas of 6Li in a single-beam far-off-resonance optical
dipole trap, we control the relative population of two hyperfine states, F 5 1/2,
mF 5 1/2 (state j1æ) and F 5 1/2, mF 5 21/2 (state j2æ), where F is the total spin and
mF is the projection along the quantization axis, by driving radio-frequency sweeps
between them at different powers. The spin mixture is created in a uniform mag-
netic field at 765 G within the broad Feshbach resonance between states j1æ and j2æ
centred at 834 G (refs 25 and 26). Atoms are evaporatively cooled by lowering the
trap depth in the single-beam optical trap. During evaporation, the field is adia-
batically swept to 890 G, on the BCS side of the Feshbach resonance, where the 3D
scattering length a3D 5 29145ao (ao is the Bohr radius). At the end of evaporation,
we turn on a crossed-beam optical dipole trap formed by two orthogonal, retro-
reflected laser beams, with elliptical laser-beam waists (1/e2 radii) of 54mm by
236mm, with the beams propagating in the x–y plane and the long axes of the
ellipses oriented along z. The polarization of each retro-reflected beam is con-
trolled by liquid crystal variable retarders and is perpendicular to that of the
incident beam in the trap configuration. The trap depth is 0.5mK with axial and
radial trapping frequencies of 50 Hz and 153 Hz, respectively. We then turn on the
optical lattice by simultaneously ramping up the laser power and rotating the
polarization of each retro beam to be parallel to its corresponding incident beam,
resulting in a 2D lattice of 1D tubes. The lattice turn-on time constants are 130 ms
for intensity and 70 ms for polarization, with both having smooth error-function-
like trajectories, optimized to minimize heating. The final 1D lattice depth is 12er

(er 5 1.39mK) with radial and axial trapping frequencies in the central tube of
vH 5 (2p)2 3 105 Hz and vz 5 (2p)200 Hz, respectively. After waiting 50 ms, we
take images that record the column densities of each state in the array of 1D tubes.
Under these conditions aH 5 1,720ao, az 5 5.3 3 104ao, and a1D 5 2099ao, where
aH,z 5 (B/mvH,z)

K and a1D is the 1D scattering length defined in ref. 31.
Imaging. The column densities of each state and their difference is obtained from
two in situ phase-contrast polarization imaging30 shots, taken in rapid succession
and with different detunings near the 2S1/2 to 2P3/2 atomic transition. Imaging 1D
gases in situ is problematic owing to high optical densities and heating from the
first laser pulse. The first pulse dissociates atom pairs and the release of binding
energy affects the second image. At 890 G, the binding energy in 1D is ,6mK,
whereas in 3D this field corresponds to the BCS limit where there is little pairing
energy. To minimize heating effects in the second image we use phase-contrast
polarization imaging with short intervals (as short as 5ms) between images (see
Supplementary Information for more imaging details).
Temperature. In the absence of the optical lattice an effective temperature is mea-
sured by fitting finite-temperature Thomas–Fermi distributions to clouds prepared
with P 5 0 (refs 16 and 32). Before turning on the lattice, the effective temperature is
,0.05TF in the shallow trap, where TF is the Fermi temperature of a non-interacting
gas of N1 fermions16. In the lattice, temperature is measured by comparing the
experimental column densities with the theory described in the next section.
The spin-imbalanced attractive 1D gas. Sufficiently far from the confinement-
induced resonance on its attractive side, the 1D spin-imbalanced attractively
interacting Fermi gas may be described by the exactly solvable Gaudin–Yang
model33,34,35 with the Hamiltonian

H~
X
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. To obtain the equation of state at a finite temperature t 5 kBT/e

(from now on we put e 5 1) we numerically solve a truncated set of the thermo-
dynamic Bethe ansatz equations12,34, given by two nonlinear integral equations
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2
. We have modified the original equations by

replacing the binding energy of the contact interaction with the true two-body
binding energy EB in a harmonic waveguide in order to have the proper definition
for the chemical potentials. Densities n1,2 are obtained from the solution of two
coupled linear integral equations35 (similar to the equations for the zero-temperature
Bethe ansatz)
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This truncation is accurate when thermal fluctuations are unable to break the tightly
bound pairs, that is, when kBT/e= 1 (for a detailed discussion of a similar approxi-
mation see ref. 36). In the experiment, kBT/e < 0.02–0.03, and we explicitly checked
that the higher-order terms in the thermodynamic Bethe ansatz equations are small.
Confinement effects37–39 can modify the interactions between pairs and excess fer-
mions in a way not captured by the Gaudin–Yang model. A study of the three- and
four-body problem carried out in ref. 40 shows that for our experimental parameters,
aH/a3D < 20.19, these confinement effects shift energies by ,10%.

At strong coupling (n1Da1D R 0), the equation of state of the Gaudin–Yang
model reduces to that of a Tonks gas of bosons and a free Fermi gas6,7. This
simplicity hides the fact that there are FFLO correlations in the system, with the
many-body wavefunction changing sign whenever a boson crosses a fermion (see
Supplementary Information).
Calculation of density profiles. For each tube, we use the Thomas–Fermi local
density approximation to calculate the 1D density profiles, but allow the chemical
potential to vary arbitrarily from one tube to the next

n1D
s (r,z)~n1D

s (mc(r){
1
2

mv2
z z2,h(r),t)

where s 5 1, 2. mc(r), h(r) are related to the particle numbers for a tube a distance
r from the central axis by
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Numerically inverting this equation, we find the central chemical potentials
mc(r), h(r). Then Ns(r) is obtained from the experimental data by inverse Abel
transforming the radial profiles
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is the column density. We fit the

radial densities nr,s(y) to a simple functional form, and analytically perform the
integrals. We use the extracted Ns(r) to normalize our radii in Fig. 3.
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Generation of three-qubit entangled states using
superconducting phase qubits
Matthew Neeley1, Radoslaw C. Bialczak1, M. Lenander1, E. Lucero1, Matteo Mariantoni1, A. D. O’Connell1, D. Sank1, H. Wang1,
M. Weides1, J. Wenner1, Y. Yin1, T. Yamamoto1,2, A. N. Cleland1 & John M. Martinis1

Entanglement is one of the key resources required for quantum
computation1, so the experimental creation and measurement of
entangled states is of crucial importance for various physical
implementations of quantum computers2. In superconducting
devices3, two-qubit entangled states have been demonstrated and
used to show violations of Bell’s inequality4 and to implement
simple quantum algorithms5. Unlike the two-qubit case, where
all maximally entangled two-qubit states are equivalent up to local
changes of basis, three qubits can be entangled in two funda-
mentally different ways6. These are typified by the states
jGHZæ 5 (j000æ 1 j111æ)/

ffiffiffi
2
p

and jWæ 5 (j001æ 1 j010æ 1 j100æ)/ffiffiffi
3
p

. Here we demonstrate the operation of three coupled super-
conducting phase qubits7 and use them to create and measure
jGHZæ and jWæ states. The states are fully characterized using
quantum state tomography8 and are shown to satisfy entanglement
witnesses9, confirming that they are indeed examples of three-
qubit entanglement and are not separable into mixtures of two-
qubit entanglement.

To create arbitrary entangled states or perform arbitrary computa-
tions, a quantum computer must implement a set of universal gates1,
typically taken to be a two-qubit gate such as controlled-NOT (CNOT)
plus single-qubit rotations10. Alternatively, universality is possible
using a three-qubit gate such as the Toffoli gate11–13. Three-qubit gates
are also important in such applications as quantum error correction14,
and they can simplify some quantum circuits12. Because superconduct-
ing phase qubits can be coupled simply by connecting them with a
capacitor7, we can design multi-qubit interactions that directly gen-
erate multi-qubit gates15, rather than building them up from more
elementary two-qubit gates. To create the two types of three-qubit
entanglement we take both approaches, using two-qubit gates for
the jGHZæ protocol and a more efficient entangling protocol, based
on a single three-qubit gate, for the jWæ protocol. Independent work in
which three-qubit entanglement is created using coupled transmon
qubits is reported in a companion publication16.

Our jGHZæ protocol17,18 is shown as a quantum circuit diagram in
Fig. 1a. Starting in the ground state, j000æ, a rotation is applied to qubit
A to create the superposition (j000æ 1 j100æ)/

ffiffiffi
2
p

. Next, a CNOT gate is
applied to flip qubit B conditioned on qubit A, resulting in the state
(j000æ 1 j110æ)/

ffiffiffi
2
p

. Finally, a second CNOT gate is applied to flip
qubit C conditioned on B, resulting in the desired state, jGHZæ. As is
typical with quantum circuits, this is written in terms of CNOT gates,
which take a simple form in the qubit basis. In our system, a more
natural universal gate is the iSWAP gate19, by which j01æ R 2ij10æ and
j10æ R 2ij01æ, with j00æ and j11æ unchanged. This gate is generated by
applying the available coupling interaction, HAB

int ~(Bg=2)(sA
x sB

x zsA
y sB

y ),
for time tiSWAP 5p/2g, where g is the coupling strength, B is Planck’s
constant divided by 2p and the ss are Pauli X and Y operators on qubits
A and B. The jGHZæ protocol can be ‘recompiled’ in terms of this gate to
obtain the circuit shown in Fig. 1b.

The protocol to generate a jWæ state (Fig. 1c) is based on two
features of the state: it is symmetric with respect to permutations of

the qubits and it is a superposition of three states in each of which one
qubit is excited. Thus, generating the state requires ‘sharing’ a single
excitation symmetrically among three qubits. This is done by first
applying a p-pulse to qubit B to excite it with one photon and create
the state j010æ. Then the qubits are entangled by turning on an equal
interaction between all pairs, Hint~HAB

int zHAC
int zHBC

int , for time
tW 5 (4/9)tiSWAP. The interaction causes the excitation to be distrib-
uted among the qubits, and at time tW the system is left in an equal
superposition state, as desired. A final Pauli Z rotation can then be
applied to correct the phase of qubit B, although this does not affect the
entanglement of the state. This protocol requires only a single entang-
ling operation, and the interaction is only applied for a short time,
shorter even than the characteristic time for two-qubit gates in the
system. This yields a highly efficient state-generation protocol based
on the multi-qubit gate generated by Hint.

To allow for future expansion beyond the present work, the sample
was designed with four qubits, such that the coupling network for the

1Department of Physics, University of California, Santa Barbara, California 93106, USA. 2Green Innovation Research Laboratories, NEC Corporation, Tsukuba, Ibaraki 305-8501, Japan.
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Figure 1 | Protocols for generating entangled states. a, Quantum circuit for
generating | GHZæ using CNOT gates. b, Quantum circuit for | GHZæ that has
been ‘recompiled’ to use iSWAP gates, which are directly generated by
capacitive coupling in the phase qubit. These two circuits are not fully
equivalent, but they both produce | GHZæ when operating on the ground state
as input. c, Circuit to generate | Wæ using a single entangling step with
simultaneous coupling between all three qubits. The entangling operation is
turned on for a time tW 5 (4/9)tiSWAP, where tiSWAP is the time needed to
complete an iSWAP gate between two qubits. In these quantum circuits, H
represents the Hadamard gate, and X, Y and Z are rotations about the respective
axes of the Bloch sphere by the subscript angles1. d, Capacitive coupling
network to achieve symmetric coupling between all pairs of qubits (left), and
simplified equivalent circuit using coupling to a central island (right). The
complete network on the left requires six capacitors, and the coupling strength,
g, is proportional to the qubit–qubit capacitance, CD. In the equivalent circuit
on the right, the same coupling strength is attained by scaling the capacitors to
Cc 5 4CD, but now only four capacitors are required and the circuit can be easily
laid out symmetrically on a chip.
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desired symmetric coupling between all pairs of qubits is as shown on
the left in Fig. 1d. The design can be simplified by transforming the
coupling network into an equivalent circuit (Fig. 1d, right) in which
each qubit is coupled capacitively to a central ‘island’ (Supplementary
Information). This simplified design is easier to lay out symmetrically
on chip and requires only N capacitors to couple N qubits, rather than
the N(N 2 1)/2 capacitors in the complete network.

Figure 2a shows the complete schematic of the device with four
phase qubits connected by the capacitive island coupler. Each qubit
is individually controlled by a bias coil that sets the operating flux bias
and carries microwave pulses for manipulating and measuring the
qubit state. In addition, each qubit is coupled to an on-chip SQUID
for state read-out. Figure 2b shows a micrograph of the fabricated
device, made from aluminium films on sapphire substrate with Al–
AlOx–Al Josephson junctions. The completed device is mounted in a
superconducting aluminium sample holder and cooled in a dilution
refrigerator to ,25 mK. Initial calibration of the multi-qubit device is
similar to that described in previous works20,21. Although the coupling
capacitors are fixed, the effective interaction can be controlled by
tuning the qubits into resonance at fB 5 6.55 GHz (coupling ‘on’) or
by detuning qubits A and C to 6250 MHz (coupling off)22. The mea-
sured coupling strengths were found to be within 5% of 12.5 MHz for
each pair of qubits. Notably, all qubits can be brought into resonance
simultaneously, as required for the jWæ protocol, or two qubits can be

tuned into resonance with the third detuned, as required for the
iSWAP gates in the jGHZæ protocol.

Capacitive coupling as used here is simple and well understood but
is subject to measurement cross-talk4,7, which can cause, for example, a
state j001æ to be erroneously read out as j011æ, j101æ or even j111æ. This
cross-talk affects measured probabilities of all excited-state popula-
tions; however, it has no effect on the ‘null-result’ probability of mea-
suring j000æ, because cross-talk can only act if at least one qubit
is excited. By measuring various subsets of qubits and recording the
null-result probability for each subset, we are able to reconstruct the
combined state occupation probabilities without any effect from mea-
surement cross-talk (Supplementary Information).

Figure 3 shows the time evolution of the state occupation probabilities
during for the entangling protocols, using cross-talk-free measurement.
In the jWæ protocol (Fig. 3a), one qubit is excited and then the symmetric
interaction between all pairs of qubits is used to distribute that excitation
among all three, as described above. When the interaction time is chosen
properly, the system reaches an equal superposition and subsequently
stays there while the interaction is off (Fig. 3b). Because this one excita-
tion is swapped among the various qubits, the state evolution during this
protocol is clearly visible in the occupation probabilities as they change
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SQUID

Biasb
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Figure 2 | Device description and operation. a, Schematic of coupled-qubit
circuit. Each qubit is controlled individually by a flux bias line that sets the d.c.
operating point, provides quasi-d.c. pulses for tuning the qubits in and out of
resonance and provides a.c. (microwave) control signals for qubit rotations. In
addition, each qubit is coupled to a superconducting quantum interference
device (SQUID) for read-out of the qubit state. The qubits are capacitively
coupled to the central island, which results in symmetric coupling between all
pairs of qubits. b, Photomicrograph of the sample, fabricated with aluminium
(light areas) on sapphire substrate (dark areas). The coupler is the cross-shaped
structure in the centre, and the simplicity of this design is evident in the
straightforward correspondence between the schematic and the completed
device. The entire sample is mounted in a superconducting aluminium box and
cooled to 25 mK in a dilution refrigerator.
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Figure 3 | Generation of entangled states in the time domain. In each panel,
the pulse sequence is shown on the left with time on the horizontal axis and
qubit frequency on the vertical axis, and the measured state occupation
probabilities (Pabc) are shown on the right. a, To characterize the three-qubit
interaction, all qubits are initially detuned and qubit B is excited with a p-pulse.
The qubits are then tuned into resonance to interact for some time, then
detuned and measured. During the interaction, the excitation from qubit B
( | 010æ) is swapped to qubits A and C ( | 100æ and | 001æ), and then back again.
Owing to the coupling symmetry, P100 and P001 are nearly equal throughout the
entire sequence. At the crossing point where the three probabilities are equal,
the system is in a | Wæ state. b, The coupling is turned on until the crossing point
is reached and then the qubits are detuned, leaving the system in a | Wæ state.
The small oscillations visible thereafter are caused by residual coupling due to
the finite detuning. c, The | GHZæ sequence is a translation of the circuit in Fig.
1b, with the iSWAP gates implemented by tuning the qubits pairwise into
resonance for time tiSWAP 5 40 ns and p/2 rotations implemented by 12-ns
microwave pulses for a total length of 104 ns. At right, the probabilities are
plotted versus time in each marked stage of the sequence. After creating the
initial superposition (1), the two iSWAP gates change the phases of the various
components of the state, with little effect on the populations (1–2, 2–3). The
final rotations populate | 000æ and | 111æ while depopulating the other states.
For an ideal | GHZæ state, P000 and P111 should approach 50%, although in the
experiment these levels are reduced owing to decoherence and errors, as
discussed in the text. a.u., arbitrary units.
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in time. The 5% asymmetry in coupling strengths leads to small errors
that could be corrected by fine-tuning the interaction times, though this
was not done here.

Figure 3c shows the state occupation probabilities during the jGHZæ
protocol, plotted in segments corresponding to the stages of the pro-
tocol as indicated. The initial rotations create an equal superposition of
all qubit states, with all probabilities converging on 1/8. The effect of
the two iSWAP gates is then primarily to adjust the phases of the
various components of the superpositions, such that in the final rota-
tions j000æ and j111æ are populated and all other states are depopu-
lated. The occupation probabilities behave as expected, but most of the
state evolution is hidden in the phase information not captured by
these probability measurements.

To fully characterize the quantum states created by the entangling
protocols, including the phase information, we perform quantum state
tomography by applying various combinations of single-qubit rota-
tions before measurement. The density matrix is extracted from the
measured data using maximum-likelihood estimation to find the state
that best fits the data while also satisfying the physicality constraints
that it be Hermitian, positive semi-definite and have unit trace. Using
this procedure, we extract the density matrices rW and rGHZ, whose
respective real parts are shown in Fig. 4a and Fig. 4b, and whose
respective Pauli sets (expectation values of one-, two- and three-qubit
Pauli operators) are shown in Fig. 4c and Fig. 4d. Comparing the
measured states with theory, we find fidelities FW 5 ÆWjrWjWæ 5

0.78 6 0.01 and FGHZ 5 ÆGHZjrGHZjGHZæ 5 0.62 6 0.01.
To understand the significance of the measured fidelities, we com-

pare these results with entanglement witness operators that detect
three-qubit entanglement. Three-qubit entanglement is witnessed9

for the jWæ state provided that FW . 2/3, and for the jGHZæ state
provided that FGHZ . 1/2. These inequalities are satisfied by the
respective measured density matrices, indicating that they are genuine
three-qubit entangled states that cannot be decomposed into mixtures
of separable states. In addition, we find that rGHZ violates the Mermin–
Bell inequality23 G ; ÆXXXæ 2 ÆXYYæ 2 ÆYXYæ 2 ÆYYXæ # 2, as we
measure a value of GrGHZ

5 2.076 6 0.029, contradicting the classical
assumptions of local reality (Supplementary Information). The violation
is not free from loopholes, owing to use of the cross-talk-free measure-
ment protocol rather than a simultaneous measurement protocol4, but it
is nonetheless an indicator of genuine three-qubit entanglement.

The lower fidelity of jGHZæ relative to jWæ is due to two main
factors. First, the jGHZæ sequence is longer because of the two

iSWAP gates; the sequence length is a substantial fraction of the
dephasing time of the qubits, T2, which is particularly detrimental
because the sequence relies on precise phases produced by the gates
to populate j000æ and j111æ while depopulating all other states. Longer
coherence times would improve this, as would stronger coupling to
reduce the gate time. Second, the presence of j2æ, and higher levels, and
the relatively small nonlinearity of the phase qubit cause errors due to
transitions into higher excited states, for example j110æ R j200æ. These
transitions can be ignored in the jWæ protocol because they are inac-
cessible with only one excitation in the system, but they cause errors in
the jGHZæ protocol because all qubit states are populated, including
those with multiple excitations. The effect of higher levels becomes
particularly complicated in this experiment when using fixed capacit-
ive coupling with detuning to turn off the interaction, owing to spectral
crowding from the higher qubit levels. This highlights the need to
replace frequency detuning with tunable coupling schemes, which
are currently an active area of research.

The states that we have generated violate entanglement witnesses
that rule out biseparability, showing genuine three-party entangle-
ment. This ability to couple three qubits and create entangled states
with qualitatively different types of entanglement is a significant step
towards scalable quantum information processing with superconduct-
ing devices.
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Preparation and measurement of three-qubit
entanglement in a superconducting circuit
L. DiCarlo1, M. D. Reed1, L. Sun1, B. R. Johnson1, J. M. Chow1, J. M. Gambetta2, L. Frunzio1, S. M. Girvin1, M. H. Devoret1

& R. J. Schoelkopf1

Traditionally, quantum entanglement has been central to founda-
tional discussions of quantum mechanics. The measurement of
correlations between entangled particles can have results at odds
with classical behaviour. These discrepancies grow exponentially
with the number of entangled particles1. With the ample experi-
mental2–4 confirmation of quantum mechanical predictions,
entanglement has evolved from a philosophical conundrum into
a key resource for technologies such as quantum communication
and computation5. Although entanglement in superconducting
circuits has been limited so far to two qubits6–9, the extension of
entanglement to three, eight and ten qubits has been achieved
among spins10, ions11 and photons12, respectively. A key question
for solid-state quantum information processing is whether an
engineered system could display the multi-qubit entanglement
necessary for quantum error correction, which starts with tripart-
ite entanglement. Here, using a circuit quantum electrodynamics
architecture13,14, we demonstrate deterministic production of
three-qubit Greenberger–Horne–Zeilinger (GHZ) states15 with
fidelity of 88 per cent, measured with quantum state tomography.
Several entanglement witnesses detect genuine three-qubit entan-
glement by violating biseparable bounds by 830 6 80 per cent. We
demonstrate the first step of basic quantum error correction,
namely the encoding of a logical qubit into a manifold of GHZ-
like states using a repetition code. The integration of this encoding
with decoding and error-correcting steps in a feedback loop will be
the next step for quantum computing with integrated circuits.

With steady improvements in qubit coherence, control and read-
out over a decade, superconducting quantum circuits16 have recently
been used to show two important results in solid-state two-qubit
entanglement. The first is the violation of a Bell inequality without a
detection loophole, realized with phase qubits by minimizing cross-
talk between high-fidelity individual qubit read-outs8. The second is
the realization of simple quantum algorithms7, achieved through
improved two-qubit gates and coherence in circuit quantum electro-
dynamics (cQED). With entanglement between two engineered qubits
firmly established, the next challenge is to scale up entanglement to the
threshold at which quantum error correction becomes possible. The
simplest schemes rely on three-qubit entanglement (3QE) to protect
against either random single-qubit flips or quantum phase errors5. An
algorithmic approach, pursued here, builds up 3QE with a properly
compiled sequence of single- and two-qubit gates. A more physical
approach exploits effective three-body interactions, as used in an inde-
pendent and parallel effort17.

Our superconducting chip (Fig. 1a) consists of four transmon
qubits18,19 (Q1 to Q4, anticlockwise from top right) inside a transmis-
sion-line cavity that couples them20, isolates them from the electro-
magnetic environment21 and allows their joint read-out9,22,23. As in its
two-qubit predecessor7,9, in our chip qubit control is achieved with a
combination of resonant microwave drives realizing single-qubit x and
y rotations and flux pulses individually tuning the qubit transition

frequencies on nanosecond timescales. Flux pulses inducing small
frequency excursions (=100 MHz) realize z rotations. Stronger pulses
(,650 MHz excursions) drive specific computational levels into res-
onance with non-computational ones (involving second-excited states
of Q2 and Q3) to realize conditional-phase gates7,24 (C-Phase) that

1Departments of Physics and Applied Physics, Yale University, New Haven, Connecticut 06511, USA. 2Department of Physics and Astronomy and Institute for Quantum Computing, University of Waterloo,
Waterloo, Ontario N2L 3G1, Canada.
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Figure 1 | Four-qubit cQED processor, and spectroscopic characterization.
a, Micrograph of a six-port superconducting device with four transmon qubits
(Q1 (inset) to Q4) inside a meandering coplanar waveguide resonator. Local
flux-bias lines allow qubit tuning on nanosecond timescales with room-
temperature voltages Vi. Microwave pulses at qubit transition frequencies f1, f2

and f3 realize single-qubit x and y rotations in 8 ns. Q4 (operational but unused)
is biased at its maximal frequency (12.271 GHz) to minimize its interaction
with the qubits used. Pulsed measurement of cavity homodyne voltage VH (at
the bare cavity frequency, fc 5 9.070 GHz) allows joint qubit read-out. A
detailed schematic of the measurement set-up is shown in Supplementary Fig.
2. b, Greyscale images of cavity transmission and qubit spectroscopy versus
local tuning of Q1 show avoided crossings with Q2, with Q3 and with the cavity.
Points I and II are two of three operating points (Fig. 2 shows point III). Single-
qubit gates and joint read-out are performed at point I. C-Phase gates between
Q1 and Q2 are achieved by flux pulsing to point II.
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entangle nearest neighbours in frequency, as discussed below. The
read-out exploits qubit-state-dependent cavity transmission to gain
direct access to multi-qubit correlations, facilitating full tomography
of the qubit register and entanglement witnessing. We emphasize that
doubling the number of coupled qubits has been achieved without
significantly increasing the complexity of circuit design, sample fab-
rication or experimental calibration, demonstrating the power of a
quantum bus architecture.

The spectrum of single excitations of the three used qubits (Q1 to Q3)
and the cavity reveals key features of the generalized Tavis–Cummings
Hamiltonian describing the system and allows extraction of its para-
meters (Methods Summary). Spectroscopy as a function of local flux
tuning of Q1 (Fig. 1b) shows exactly three avoided crossings: J crossings20

with Q2 and with Q3, and the vacuum Rabi splitting13 with the cavity near
its bare frequency, fc 5 9.070 GHz. To the resolution of all spectroscopy
performed, the spectrum is free from spurious avoided crossings,
which is a critical requirement for pulsed excursions of qubit transi-
tion frequencies. We choose point I (where f1 5 6.000 6 0.002 GHz,
f2 5 7.000 6 0.002 GHz and f3 5 8.000 6 0.002 GHz; see Fig. 1b) for
all single-qubit rotations and for read-out. Here, the qubits are suffi-
ciently detuned in frequency from their nearest neighbours to make their
interaction small, yet close enough to the cavity to reach the strong-
dispersive regime of cQED25.

Two-qubit C-Phase gates generate entanglement in the computa-
tional basis {jabcæ j a, b, c g {0, 1}} (jabcæ denotes excitation level a on
Q1, b on Q2 and c on Q3). A C-Phase gate, denoted cPi,j

a,b, adds a phase
shift of p to the quantum amplitudes of the two basis states with
excitation levels a in Qi and b in Qj, leaving the quantum amplitudes
of the remaining six basis states unchanged. We realize C-Phase gates
between nearest neighbours in frequency (between Q1 and Q2, and
between Q2 and Q3) by direct extension of the protocol proposed for
phase qubits in ref. 24, in which a full coherent oscillation between
computational and non-computational states yields the desired p
phase shift. The primitive interaction for C-Phase gates between Q2

and Q3 is shown with two-tone spectroscopy and time-domain data in
Fig. 2. (See Supplementary Fig. 1 for a similar characterization for Q1

and Q2.) At point III (Fig. 2), the computational level j011æ becomes
resonant with the non-computational level j002æ. The cavity-mediated
interaction between these levels produces an avoided crossing of
86 MHz. An analogous avoided crossing takes place simultaneously
in the three-excitation manifold, between j111æ and j102æ. A coherent
oscillation between these computational and non-computational
levels is started by pulsing non-adiabatically into point III. A full
period is completed in 12 ns (Fig. 2, inset), returning all the quantum
amplitude to the computational level with an additional phase of p.
The two-qubit gate time is nearly half that of our previous imple-
mentation, which used the avoided crossing adiabatically7. To com-
plete cP2,3

1,1, the single-qubit dynamical phase acquired by Q2 during the
flux pulse (and also by Q1 and Q3 through residual flux cross-talk) is
cancelled using a calibrated z rotation (Supplementary Fig. 3). The
other three C-Phase gates between Q2 and Q3 can be produced with
additional single-qubit z gates applied to one or both qubits7.

To detect the entanglement produced with C-Phase gates, we use a
high-fidelity three-qubit joint read-out presented in a related publica-
tion23. Read-out was previously performed7,9,22 with a pulsed measure-
ment of cavity transmission in linear response (,1 photon mean
occupation) at the dispersively shifted cavity frequency corresponding
to j000æ. Here we instead drive at fc and with a 50,000-fold larger
incident power. This approach increases the single-shot read-out fidel-
ity in this device from ,5% to 61%. The physical mechanism allowing
this improvement is due to the Jaynes–Cummings interaction: as its
excitation number increases, the cavity is pulled from its dispersively
shifted frequency towards fc and its anharmonicity decreases26. A suf-
ficiently strong drive at fc excites the cavity high enough that it
responds harmonically, yielding near-unit transmission. Crucially,
because of the dependence of cavity anharmonicity and dispersive shift

on qubit state, the drive power needed is qubit-state dependent. We
adjust the incident power so that the cavity becomes excited for all
register states except j000æ. If this selectivity were perfect, the measure-
ment would be projective on j000æ, yielding the ensemble average
hVHi!

P
A,B,C[ I,Zf ghA

(1)B(2)C(3)i. Here I is the identity, Z is the
Pauli Z operator5 and A(i) acts on Qi (henceforth this order of operators
is respected and superscripts are removed for notational simplicity).
False positives and negatives introduce weighting coefficients, bABC.
The similar magnitudes of the calibrated coefficients (Methods
Summary) translate into a sensitivity of joint read-out to two- and
three-qubit correlations comparable to the sensitivity to single-qubit
polarizations9.

We use this single-channel measurement with direct access to cor-
relations to perform state tomography of the register. To reconstruct
the three-qubit density matrix, r, we find the coefficients of its expan-
sion in the Pauli operator basis5:

r~
1
8

X
A,B,C[ I,X,Y ,Zf g

hABCiABC ð1Þ

Here ÆIIIæ 5 1, and X and Y are the Pauli X and Y operators5. This is
achieved by prefixing the read-out pulse with 63 different sets of single-
qubit rotations (Methods Summary).

With fast C-Phase gates and high-fidelity read-out in place, we now
demonstrate multi-qubit entanglement. Gate sequences generating
two- and three-qubit entanglement are shown in Fig. 3. A simple
sequence7 using one C-Phase transforms the ground state j000æ (an
unentangled, or separable, state) into a Bell triplet j0æ fl (j00æ 1 j11æ)/
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Figure 2 | Frequency- and time-domain characterization of two-qubit-gate
primitive. Two-tone spectroscopy19 of computational level | 011æ and non-
computational level | 002æ through their avoided crossing (86-MHz splitting) at
point III. This crossing (and its | 111æ « | 102æ analogue in the three-excitation
manifold) is the primitive for C-Phase gates between Q2 and Q3 (ref. 24). The
gate is realized with a sudden flux pulse into point III. While the pulse is on, the
quantum amplitude initially in | 011æ is coherently exchanged with | 002æ. The
pulse is turned off after one full period, at which time all quantum amplitude
returns to | 011æ, but with an additional phase of p. Inset, time-domain
characterization of the avoided crossing using the sequence outlined by the
arrows in the main panel. Starting from | 000æ, simultaneousp-pulses on Q2 and
Q3 populate | 011æ. A V2 pulse of duration t is next applied. Simultaneous p-
pulses then transfer the final quantum amplitude in | 011æ to | 000æ to maximize
read-out contrast. This characterization gives a calibration of the optimal flux-
pulse duration, in this case 12 ns.
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ffiffiffi
2
p

with Q2 and Q3 maximally entangled (Fig. 3b). Mirroring this
sequence so that Q1 undergoes the same operations as Q3 (Fig. 3c)
produces the GHZ state, jGHZæ 5 (j000æ 1 j111æ)/

ffiffiffi
2
p

, which is a max-
imally entangled state of three qubits. We have implemented these
sequences (see Supplementary Fig. 3 for the actual microwave and flux
pulses realizing the GHZ sequence) and performed tomography of
their outputs. We visualize the reconstructed r in each case using a
bar chart of the Pauli set P, consisting of the expectation values of the
63 non-trivial Pauli operators. Although it contains the same informa-
tion as the more conventional ‘cityscape’ visualization of r (Sup-
plementary Fig. 4), this bar chart reveals more clearly the polarization
of each qubit and the correlations present between qubits. The experi-
mental sets P in Fig. 3d–f closely match the delineated Pauli set, Pt, of
the targeted ground state, the Bell triplet and the GHZ state, respec-
tively. We quantify this similarity using fidelity to the target state jytæ,
F 5 Æytjrjytæ 5 P N Pt/8, finding F 5 99%, 94% and 88%, respectively.

To make definitive statements about the presence of genuine 3QE in
Fig. 3f, we make use of fidelity to GHZ states as an entanglement
witness27. The maximal fidelity of any biseparable state (a state with
no more than two qubits entangled) to a GHZ state is 50%. Any greater
fidelity thus witnesses genuine 3QE. There are two types of 3QE, W
and GHZ, with the GHZ class encompassing the W class. Fidelity also
witnesses strictly GHZ-type 3QE, the kind useful for quantum error
correction, because F # 75% for all W-class states. An unverified pro-
duction of W-class entanglement in cQED was investigated prev-
iously28 by tripartite interaction between two phase qubits and a
resonant cavity. The 88% fidelity to jGHZæ of the Pauli set in Fig. 3f
is a demonstration of not only genuine but also strictly GHZ-type 3QE
in an engineered solid-state system.

This production of 3QE is a first step towards basic quantum error
correction. The sequence producing the GHZ state (Fig. 3c) can be
viewed as the application of a repetition code (Fig. 4a) to a superposi-
tion state, (j0æ 1 j1æ)/

ffiffiffi
2
p

, of Q2. The repetition code is the encoding
step of the bit-flip error-correction scheme5, mapping a logical qubit
state aj0æ 1 bj1æ onto the state aj000æ 1 bj111æ of three physical
qubits. We have applied this code to other maximal superpositions
of Q2 by varying the azimuthal angle, w, of its initial p/2 rotation (Fig.
4a). At each w, the code targets the state jGHZwæ 5 (j000æ 2 ieiwj111æ)/ffiffiffi

2
p

. The fidelity to jGHZwæ is 87 6 1% throughout (Fig. 4b), witnessing
GHZ-class 3QE at everyw. A master equation simulation suggests that
this uniform fidelity is mostly limited by qubit relaxation during the
81-ns pulse sequence. A model incorporating low-frequency and pos-
sibly non-local dephasing seems to be necessary to account for the
small extra infidelity, and remains for future work.

It is possible to detect 3QE with linear witnesses requiring measurement
of fewer elements of the Pauli set than the fidelity to a GHZ state. For
example, the Mermin sums1 MS1 5 ÆXXXæ 2 ÆYYXæ 2 ÆYXYæ 2 ÆXYYæ
andMS2 5 2ÆYYYæ 1 ÆXXYæ 1 ÆXYXæ 1 ÆYXXæ satisfy jMS1,2j# 2 for
all biseparable states29. Figure 4c shows that at least one of these sums
detects 3QE at each w. We note that jMS1,2j# 2 is also a local-hidden-
variable (LHV) bound1. Although the maximal absolute value mea-
sured, 3.4 6 0.1, exceeds this bound by 14 standard deviations, the
presence of locality and detection loopholes30 in our system precludes
a complete refutation of local realism.

One drawback of the Mermin sums as witnesses of 3QE is that the
biseparable range overlaps significantly with the quantum range for
three qubits, jMS1,2j# 4. Nonlinear entanglement witnesses can com-
press the biseparable bounds relative to the quantum bounds, effectively
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Figure 3 | Building 3QE with two two-qubit gates. a–c, Gate sequences
producing states with increasing numbers of entangled qubits: the ground state
(no entanglement; a), a Bell triplet (Q2 and Q3 entangled; b) and the GHZ state
(3QE, c). Vertical lines terminating in solid circles represent C-Phase gates. The
coloured two-bit number next to each indicates the computational basis states
that acquire the phase p. The state tomography sequence shown in a is also
applied in b and c. d–f, Reconstructed density matrices of the sequence outputs,
visualized with a bar chart of the Pauli set P. Colours emphasize the seven

subsets of P (Bloch vectors (~P1,~P2,~P3), two-qubit correlations (
)
P12,

)
P13,

)
P23)

and three-qubit correlations (
]
P123)]. The Pauli set of the target state | ytæ, Pt, is

superposed (open bars). The sets Pt have seven non-zero and full-magnitude
components because they represent stabilizer states5. For the GHZ state, they
appear exclusively in the correlations, which is a hallmark of maximal 3QE. The
experimental sets P closely match Pt in the three cases, with fidelities
F 5 Æyt | r | ytæ 5 P N Pt/8 of 99%, 94% and 88%.
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magnifying non-trivial three-qubit correlations. As a specific example, we
here introduce the Mermin productsMP1 5 ÆXXXæÆYYXæÆYXYæÆXYYæ
and MP2 5 ÆYYYæÆXXYæÆXYXæÆYXXæ, whose various bounds we
have explored numerically. As indicated, biseparable states satisfy
21/16 #MP1,2 # 1/64, which is a range small in comparison with the
quantum range for three qubits, 21 #MP1,2 # 1/16. The LHV range
for Mermin products is 21/16 #MP1,2 # 1. We note that although the
LHV range for Mermin sums is fully inside the range allowed by
quantum mechanics, the two ranges largely separate for products, leaving
only a narrow region of compatibility, jMP1,2j# 1/16. The measured
Mermin products (Fig. 4d) reach a minimum value of 20.52 6 0.05,

which exceeds the negative biseparable (also LHV) bound by
830 6 80%. The experimental MP1,2 values fall largely outside the
compatibility region, and remain fully within the quantum bounds.

This demonstration of 3QE in an integrated circuit allows the
exploration of quantum error correction in the solid state. We have
realized the first step of the simple bit-flip code, namely using a repe-
tition code to map a superposition state of one logical qubit into an
entangled state of three physical qubits. Future research will focus on
the development of an error-syndrome detecting circuit with the aim
of closing the error-correction feedback loop.

METHODS SUMMARY
Hamiltonian parameters. The Tavis–Cummings Hamiltonian generalized to
four transmons is

H~Bvca{az B
X4

q~1

XN

j~0

v
(q)
0j jjiqhjjqz(aza{)

XN

j,k~0

g(q)
jk jjiqhkjq

0
@

1
A

Here B is Planck’s constant (h) divided by 2p, vc is the bare cavity frequency, v
(q)
0j is

the transition frequency for transmon q from ground to excited state j, and g(q)
jk 5

gqnjk, with gq a bare qubit-cavity coupling and njk a coupling matrix element. Both

v
(q)
0j and njk are functions18 of transmon charging (ECq) and Josephson (EJq)

energies. Flux control enters through EJq 5 Emax
Jq jcos(pWq/W0)j, with Wq the flux

through the transmon superconducting-interference-device loop, and a linear
flux–voltage relation, Wq~

P4
i~1 aqiVizWq,0 capturing cross-talk (aqi) and off-

sets (Wq,0; W0 is the flux quantum). Cross-talk (=40%) resulting from ground-
plane return currents is corrected by orthogonalization. Fitting numerical diag-
onalizations of H (truncated to N 5 4 transmon levels and four cavity photons) to
the spectroscopy and transmission data shown (Figs 1b and 2 and Supplementary
Fig. 2) and to similar data (not shown) as a function of flux bias on Q2 to Q4 gives
vc/2p5 9.070 GHz; Emax

Jq /h 5 42 GHz (Q1), 29 GHz (Q2), 47 GHz (Q3), 57 GHz

(Q4); g/2p< 220 MHz; and ECq/h < 330 MHz.
Coherence times. Relaxation (T1) and dephasing (T�2 ) times of Q1 to Q3 were
measured using sliding p-pulse and Ramsey experiments19. At point I, relaxation
times T1 5 1.2ms (Q1), 1.0ms (Q2) and 0.6ms (Q3) are consistent with relaxation by
means of the Purcell effect21 and non-radiative loss with quality factor ,55,000.
Dephasing times T�2 5 0.3ms, 0.6ms and 0.5ms are consistent with 1/f flux noise of
,1025W0 Hz21/2 at 1 Hz. The cavity linewidth is k/2p5 2.4 MHz.
Calibration of joint read-out. The coefficients b in the measurement operator are
calibrated in every tomography run by applying joint read-out to the eight com-
putational states, prepared using p-pulses. For example, the ensemble-averaged
read-out of j101æ gives ÆVHæ 5 bIII 2 bZII 2 bIZI 2 bIIZ 2 bZZI 1 bZIZ 2 bIZZ 1

bZZZ. These calibration measurements provide eight linearly independent combi-
nations of the coefficients. Typical values obtained by matrix inversion are
bZII 5 2.2 mV, bIZI 5 3.1 mV, bIIZ 5 3.2 mV, bZZI 5 1.9 mV, bZIZ 5 2.0 mV,
bIZZ 5 2.9 mV and bZZZ 5 1.7 mV. Their similar magnitudes imply comparable
sensitivity to two- and three-qubit correlations (terms with two and three Z terms,
respectively) relative to single-qubit polarizations9 (terms with one Z).
State tomography. The sets of rotations preceding read-out are all combinations
of I, Rp

x , Rp=2
x and Rp=2

y on the three qubits (except Rp
x6Rp

x6Rp
x ). Respectively,

these rotations on Qi transform the expression for ÆVHæ like so: Z(i) R Z(i), 2Z(i),
Y(i) and 2X(i). Repeating 105 state preparations and single-shot measurements for
each set mitigates projection noise to ,1%. The non-trivial coefficients in equation
(1) are obtained from the 63 ÆVHæ values by matrix inversion and without max-
imum-likelihood estimation9.
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Vertical extension of the subglacial drainage system
into basal crevasses
Joel T. Harper1, John H. Bradford2, Neil F. Humphrey3 & Toby W. Meierbachtol1

Water plays a first-order role in basal sliding of glaciers and ice
sheets and is often a key constituent of accelerated glacier motion1–4.
Subglacial water is known to occupy systems of cavities and con-
duits at the interface between ice and the underlying bed surface,
depending upon the history of water input and the characteristics of
the substrate5. Full understanding of the extent and configuration
of basal water is lacking, however, because direct observation is
difficult. This limits our ability to simulate ice dynamics and the
subsequent impacts on sea-level rise realistically. Here we show that
the subglacial hydrological system can have a large volume of water
occupying basal crevasses that extend upward from the bed into the
overlying ice. Radar and seismic imaging combined with in situ
borehole measurements collected on Bench Glacier, Alaska, reveal
numerous water-filled basal crevasses with highly transmissive con-
nections to the bed. Some crevasses extend many tens of metres
above the bed and together they hold a volume of water equivalent
to at least a decimetre layer covering the bed. Our results dem-
onstrate that the basal hydrologic system can extend high into the
overlying ice mass, where basal crevasses increase water-storage
capacity and could potentially modulate basal water pressure.
Because basal crevasses can form under commonly observed
glaciological conditions, our findings have implications for inter-
preting and modelling subglacial hydrologic processes and related
sliding accelerations of glaciers and ice sheets.

Glacier sliding motion is frequently tied to the geometry and flow
conditions of water at the ice–bed interface. The geometrical config-
uration of the basal hydrologic system has largely been inferred from
point measurements in boreholes6, moulins7 and access tunnels8, or
inspection of the bed after deglaciation9. The vertical extent of the bed
drainage system is typically defined by the geometry of basal cavities
and conduits—water within the overlying ice is considered part of an
englacial system delivering water to the bed. Where basal crevasses
propagate upward from the bed, however, they may extend the bed
drainage system into overlying ice because the water-filled fractures
are well connected to the bed but do not intersect the surface.

Basal crevasses can form in grounded glaciers with longitudinally
stretching ice and/or high basal water pressure. Where bed water
pressure is equivalent to ice overburden pressure, no ice extension is
required to form basal crevasses many tens of metres high, and stretch-
ing rates of less than 0.01 per year allow crevasses to propagate over
100 m above the bed10. These conditions are probably not widespread,
temporally or spatially, under most glaciers and ice sheets.
Nevertheless, basal water pressure at or very near the ice overburden
pressure has been documented in differing glaciological settings
including temperate11 and polythermal12 glaciers, and the
Greenland13 and Antarctic14 ice sheets. Basal crevasses are therefore
possible in many glaciers and ice sheets, albeit restricted to certain
locations or select time intervals. To test whether basal crevasses are
an important component of the basal hydrological system, we com-
bined in situ borehole experiments with intensive geophysical imaging
of the interior and bed of an Alaskan glacier.

We conducted field experiments on Bench Glacier, a temperate
valley glacier about 7 km long and up to ,200 m thick. During the
springs of 2003 and 2006 we drilled and instrumented 28 boreholes to
the base of the ice at locations spanning about 0.5 km of the ablation
zone (Fig. 1). All boreholes were hot-water drilled using equipment
and procedures that create a near-vertical borehole about 12 cm in
diameter15. Borehole water levels during spring indicate that basal
water pressure was at or near ice overburden pressure (Supplemen-
tary Fig. 1) and surface velocity measurements indicate that the ice
frequently experienced .0.02 per year of extending flow16.

Detailed video inspection of 25 boreholes just after they were drilled
revealed that each hole intersected an average of 2.0 water-filled eng-
lacial fractures. A crevasse-free glacier surface and the fact that no
englacial fractures were observed in the upper 50 m of ice (Supplemen-
tary Fig. 2), together imply that the open fractures observed at depth
did not intersect the surface. Englacial fracture apertures ranged from a
few centimetres up to nearly a metre, and the average was about 4 cm.

1Department of Geosciences, University of Montana, Montana 59812, USA. 2Center for Geophysical Investigation of the Shallow Subsurface, Boise State University, Boise 83725, USA. 3Department of
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Fractures dipped by at least 70u, and their planform orientation was
30u–50u from the along-glacier flow line. We found no correlation
between depth and aperture or distribution. Our sampling, however,
is strongly biased towards the surface because turbid water near the
base of the boreholes limited or prevented viewing.

Monitored-drilling experiments documented strong hydraulic
transmissivity between englacial fractures and the bed. The water levels
in a network of up to six boreholes spaced 10–60 m apart were mon-
itored while drilling a new borehole through the glacier (see Methods).
Sudden, large changes in borehole water levels during drilling indicate
that the advancing drill-hole intersected an englacial water-routeing
pathway. During eight of nine drilling experiments the drill hole sud-
denly drained by up to 14 m while the drill hole was advancing through
the lower half of the glacier (Supplementary Table 1). The drill holes
drained at rates of up to 0.63 m3 s21 (Fig. 2) until their water levels
equalled the level in nearby boreholes that intersected the bed. The
draining events always occurred where the drill-tip intersected an open
fracture visible in subsequent borehole video inspection. The very
steep dip of fractures implies that connections were direct to the
bed. Not every fracture identified in the video, however, could be
associated with a draining event. Dye-tracing experiments using a pair

of borehole fluorometers confirmed that fractures rapidly transmitted
water (Supplementary Fig. 4).

Boreholes located up to 60 m adjacent to drill holes experienced
sudden water level changes (usually rising) when the englacial base
of the drill hole intersected a fracture connected to the bed. There were
no lag times between water level changes in the drill hole and each of
the adjacent holes. Changes also occurred at similar rates, implying
highly transmissive connections between the fracture in the drill hole,
the bed and other boreholes (Fig. 2). The total volume of water gained
in adjacent holes was 20–60% less than the volume lost in drill holes,
indicating that water leaked to other parts of the hydrological system.
In two cases, sudden rising water levels were observed in all holes
(including the drill hole) with continued drilling after a draining event.
These events were also associated with a fracture identified in the
video, which presumably had higher hydraulic head than the bore-
holes.

Radar and seismic imaging add supporting evidence that water-
filled fractures were common at depth but not near the surface.
Profiling measurements reveal radar scattering from water-filled fea-
tures with one dimension exceeding a metre and located at depths of
20–50 m below the ice surface17, although the two-dimensional (2D)
diffractions alone poorly constrain the geometry of scattering bodies.
Densely spaced three-dimensional (3D) radar data (see Methods),
however, show events deep within the ice mass that are laterally coher-
ent over tens of metres, and that therefore resemble fractures (Fig. 3).
Both elastic and electromagnetic waves propagating from the surface
should exhibit azimuthally dependent velocities owing to fractures
having a preferred orientation. We therefore tested for azimuthal velo-
city anisotropy with multi-azimuthal 3D seismic reflection and geo-
radar experiments (see Methods). Elastic Rayleigh-wave data show
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2.1% anisotropy with the fast direction oriented 16u from the flow line,
which we interpret to result primarily from ice foliation. In the upper
tens of metres of the ice mass, radar direct wave data show no mea-
surable anisotropy, consistent with relatively unfractured shallow ice.
In contrast, compressional waves and electromagnetic waves reflected
from the bed show strong azimuthal velocity anisotropy at orientations
of about 30u and 39u from the flow direction, respectively (Supplemen-
tary Fig. 5). This anisotropy is the expected result from water-filled
planar sub-vertical fractures with preferred orientation throughout the
study area.

We interpret englacial fractures with highly transmissive connec-
tions to the bed to be basal crevasses. The fractures are not likely to be
hydro-fractures induced by our drilling, because we observed them
where the density anomaly created by the water-filled borehole was
insufficient to propagate a fracture to the bed, and because some
fracture intersection events added water to the drill hole. Although
the mechanical history of each fracture is uncertain, conditions were
highly favourable for forming basal crevasses. Time-lapse video cap-
tured the opening of two fractures that appeared to propagate upward
from the bed, implying that they were basal crevasses. For example, at a
location 34 m above the bed of one borehole an approximately 15-cm
aperture opened 11 days after the borehole was drilled (Supplementary
Fig. 3). The new crevasse brought turbid water up from the bed, and
also offset the borehole so that the camera could only be lowered into
the crevasse. Finally, numerous basal crevasses are also implied by the
similar orientation of steeply dipping crevasses observed by video and
drilling experiments and the radar and seismic anisotropy.

To estimate water storage in basal crevasses we use the bulk water
content of the ice measured by inversion of multi-channel, multi-offset
georadar data (Supplementary Information, and Supplementary Fig.
6). These data suggest that water in macro-scale spaces occupies up to
1% of the ice mass over a distance of ,0.5 km along the flow-line and
coincident with boreholes. We assume that crevasses in this area that
are connected to the bed extend on average to 40 m above the bed. This
assumption is based on drilling experiments and radar imaging and is
conservative considering that drilling experiments identified multiple
connected crevasses extending to 70 m. The water volume in 1% of the
lower 40 m of the glacier equates to a 40 cm layer spread over the bed.

Borehole experiments provide a second and independent estimate
of the water volume in hydraulically connected crevasses. Dividing the
total intersected volume of all crevasses measured with video by the
total volume of all boreholes implies that hydraulically connected
crevasses occupy 0.3% of the ice mass below 50 m depth. For compar-
ison, all englacial crevasses (connected and unconnected) occupy
0.46% of Worthington Glacier, Alaska18, and all voids, channels and
cracks combined occupy 1.3% of Storglaciären, Sweden19. Assuming
crevasses extend 40 m above the bed, Bench Glacier’s 0.3% value is
equivalent to a 12 cm layer of water covering the bed. This is consid-
erably less water than has been estimated by radar, probably reflecting
differences in spatial sampling, errors in both methods, and the radar
method’s inclusion of closed-off voids and crevasses. Hence, on the
basis of radar and borehole estimates, the volume of water in con-
nected basal crevasses is (conservatively) a decimetre of water covering
the bed. This is significant because we have observed a fivefold increase
in the sliding speed of Bench Glacier associated with a 4 cm increase in
bed separation that is due to water20.

Previous work has focused on surface-to-bed water routeing
through crevasses, either through rapid top-down crevasse propaga-
tion21–23 or via slow laminar flow in established fractures24. Basal cre-
vasses provide a storage mechanism distinctly different from
previously described englacial fractures and conduits because they
are not directly connected to surface water inputs. In comparison to
subglacial cavities and conduits, basal crevasses do not necessarily
form at similar locations with respect to bed roughness, and their
storage capacity may not relate to water pressure or sliding velocity
in the same way.

This suggests that our conceptual view of the basal drainage system
as a 2D zone at the ice/bed interface should be modified to include the
possibility of a 3D zone that extends tens of metres into the overlying
ice.

The existence of basal crevasses has been inferred in vastly different
glaciological settings25–27. Because high basal water pressure and
extending flow favour basal crevasse formation, links between sliding
speed and water storage in basal crevasses are possible. For example,
elastic closure of crevasse walls could be a mechanism for maintaining
high water pressure as cavities expand during sliding accelerations20,
thus enabling sustained hydraulic jacking. Basal crevasses could offer a
source of water for winter surge initiation28 and a sink for water when
supraglacial lakes, such as those in Greenland, drain to the bed22. The
subglacial drainage system is known to be spatially variable and often
changes over timescales of hours to seasons. Filling and draining of
basal crevasses could increase the dynamic nature of the drainage
system, and could either buffer or catalyse feedbacks with sliding
motion.

Our estimates of the water capacity of basal crevasses are for
,0.5 km of Bench Glacier, are based on simplifying assumptions,
and cannot be transferred to all glaciers or even to Bench Glacier at
all times of year. Nevertheless, our geophysical measurements indicate
that a substantial volume of water can be stored in basal crevasses and
our borehole experiments demonstrate that this water has a highly
transmissive connection to the bed. These findings should be carefully
considered as future field observations are interpreted and as new
conceptual and numerical models of subglacial water flow are
developed.

METHODS SUMMARY
Monitored drilling. Boreholes were hot-water drilled with the drill hole filled with
water to near the ice surface during drilling. Water levels were measured at one-
second intervals with up to six pressure transducers recorded by a single data
logger. Pressure transducers were placed in the drill hole and adjacent boreholes
10–60 m away. The independently calibrated 105-Pa pressure transducers had
resolution of about 1023 m.
Seismic experiments. A 3D P-wave seismic reflection survey covered ,300 m
3 300 m near the glacier centre line and had a 214-channel recording system
arranged in a 105 m 3 105 m chequerboard pattern (Fig. 1). The seismic source
was a 7.26-kg manual jackhammer with flat plate and four hammer blows
recorded at each station. We occupied 914 shot points with shooting geometry
designed to ensure 90u of azimuthal coverage. Rayleigh waves were non-dispersive
with estimated velocity uncertainty of less than 0.5%. Uncertainty in the reflection
velocity analysis was less than 0.8%.
Radar experiments. 2D continuous multi-offset georadar surveys were conducted
with a multichannel 25-MHz radar system along azimuths oriented at 0u, 45u and
90u relative to glacier flow and fifteen offsets between 5–150 m. We towed the radar
system at 5–10 km per hour using a snowmachine with transmitter/receiver posi-
tions established using differentially corrected Global Positioning System (GPS;
nominal 0.5 m trace spacing). The 3D radar survey used 50-MHz linear dipole
antennas towed in a small sled and the antenna polarization aligned with glacier
flow. We acquired 53 approximately parallel lines with a nominal cross-line spa-
cing of 2 m, an in-line trace spacing of 0.5 m, and position control maintained
using differential GPS. Data were interpolated onto a uniform grid using 3D
Kirchhoff migration. Multi-azimuthal measurements were made by acquiring a
100 mu3 100 m multi-azimuthal, multi-offset 3D grid (Fig. 1).
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Decay of aftershock density with distance does not
indicate triggering by dynamic stress
Keith Richards-Dinger1, Ross S. Stein2 & Shinji Toda3

Resolving whether static1–3 or dynamic4–8 stress triggers most after-
shocks and subsequent mainshocks is essential to understand
earthquake interaction and to forecast seismic hazard9. Felzer
and Brodsky10 examined the distance distribution of earthquakes
occurring in the first five minutes after 2 # M , 3 and 3 # M , 4
mainshocks and found that their magnitude M $ 2 aftershocks
showed a uniform power-law decay with slope 21.35 out to
50 km from the mainshocks. From this they argued that the dis-
tance decay could be explained only by dynamic triggering. Here
we propose an alternative explanation for the decay, and subject
their hypothesis to a series of tests, none of which it passes. At
distances more than 300 m from the 2 # M , 3 mainshocks, the
seismicity decay 5 min before the mainshocks is indistinguishable
from the decay five minutes afterwards, indicating that the main-
shocks have no effect at distances outside their static triggering
range. Omori temporal decay, the fundamental signature of after-
shocks, is absent at distances exceeding 10 km from the main-
shocks. Finally, the distance decay is found among aftershocks
that occur before the arrival of the seismic wave front from the
mainshock, which violates causality. We argue that Felzer and
Brodsky10 implicitly assume that the first of two independent after-
shocks along a fault rupture triggers the second, and that the first
of two shocks in a creep- or intrusion-driven swarm triggers the
second, when this need not be the case.

Aftershocks can be distinguished from other earthquakes only by
Omori decay with time following the mainshock, and by a density that
decays roughly with distance from the mainshock rupture. The spatial
correlation of calculated Coulomb stress change with aftershocks off
the rupture surface2,11–13, and the temporal correlation with tidal stres-
ses, which lack a dynamic component14, provide evidence that
increased static stress promotes aftershocks. The occurrence of earth-
quakes during the passage of the surface waves, at distances up to 35
rupture lengths from their mainshocks and thus well beyond the static
range, provides evidence for dynamic earthquake triggering4,6,8,15,16.
Nevertheless, remotely triggered aftershocks and tremor have been
detected in California6 and Japan17 only when large mainshocks excite
low-frequency (.15 s) energy; if correct, this would preclude M , 3
earthquakes as sources of remote dynamic triggering, particularly at
distances of up to 350 rupture lengths from the mainshocks (50 km/
150 m), as claimed by Felzer and Brodsky10.

Felzer and Brodsky10 argued that the observed seismicity density
with distance (Fig. 1a) is a product of the decay of seismic wave ampli-
tude, which in southern California has a power-law slope of about
21.2 (ref. 18). Unlike typical plots with a single mainshock and many
aftershocks, in Fig. 1a only one in 70 mainshocks has a single after-
shock, and so these aftershocks are, if nothing else, rare. Felzer and
Brodsky10 select as a mainshock any event that is not preceded by a
larger shock within 3 days and 100 km, and not followed by a larger
shock within 12 h and 100 km, although these windows are changed in
some of their analyses. An aftershock is any M $ 2 earthquake that
is smaller than and occurs within 5 min (or 30 min) of a 2 # M,4

mainshock. They plot the linear density of the identified aftershocks as
a function of distance. This process, and their linear density calcula-
tion, is explained in Supplementary Fig. 1. Because we will argue that
most pairs of selected earthquakes do not each comprise a mainshock
and its aftershock, we will refer to events identified by the Felzer and
Brodsky10 criteria as ‘mainshocks’ and ‘aftershocks’ to differentiate
them from events for which the identification is unambiguous.

Because the static stress decays to nearly zero within a kilometre of
the M , 3 mainshocks (red curve, Fig. 1a), the principal argument of
Felzer and Brodsky10 is that the observed power-law distance decay can
be caused only by dynamic triggering of aftershocks far from the
mainshock rupture. But two independent (that is, primary) after-
shocks on a fault rupture that coincidentally occur far apart but within
a short time of each other, shown schematically in Fig. 1c, qualify as a
‘mainshock–aftershock’ pair (a primary aftershock and its secondary)
by the Felzer and Brodsky10 criteria, even though the first did not
trigger the second. In Fig. 1b and in the online-only Methods we show
that a combination of observed Gutenberg–Richter b-values, constant
stress-drop magnitude to rupture-area scaling19, and aftershock pro-
ductivity that scales with mainshock magnitude20, also give power-law
distance distributions out to 50 km, even when aftershocks are

1Department of Earth Sciences, University of California, Riverside, California 92521, USA. 2US Geological Survey, Menlo Park, California 94025, USA. 3Disaster Prevention Research Institute, Kyoto
University, Gokasho, Uji, Kyoto 611-0011, Japan.
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3 0 S E P T E M B E R 2 0 1 0 | V O L 4 6 7 | N A T U R E | 5 8 3

Macmillan Publishers Limited. All rights reserved©2010



restricted to the fault rupture surfaces and so explicitly exclude remote
dynamic triggering. Reasonable values of these parameters lead to
power-law decay exponents of 21 to 22, encompassing those
observed in California (Fig. 1a) and Japan (Fig. 2a). So, to discriminate
between these alternatives we conduct a series of tests, using the Felzer
and Brodsky10 selection criteria unless otherwise noted (Supplemen-
tary Table 1 gives the catalogue parameters).

The 5 min before the mainshocks includes all possible earthquake
and aseismic interactions except those caused by the mainshock itself,
and so if the 5-min period after the mainshocks captures aftershocks as
claimed by Felzer and Brodsky10, then the 5 min before the mainshocks
should not exhibit the same density and slope (Fig. 3a and b). But at
distances greater than 300 m, the Southern California decay curves
before and after the ‘mainshocks’ are indistinguishable (Fig. 3c). The
300 m distance corresponds to one to two source dimensions for
2 # M , 3 mainshocks21, which means that the mainshocks have no
discernible effect on subsequent seismicity except within the distance
of static triggering. The ‘mainshocks’ in Fig. 3a might be regarded by
Felzer and Brodsky10 as aftershocks that happen to be larger than their
mainshocks (that is, the triggered shock is larger than the triggering
shock), and so could display the same decay slope. But because after-
shocks are only rarely larger than their mainshocks, the decay curve
should be shifted downward in Fig. 3a relative to that in Fig. 3b, which
is not observed. The time series of shocks outside the static range
(Supplementary Fig. 2) also shows that the seismicity rate before and
after the mainshocks is constant at distances more than 1 km from the
mainshocks, as would be expected if there were no remote aftershock
triggering.

If the distant earthquakes are indeed aftershocks of their mainshocks,
they should undergo Omori temporal decay22 as do virtually all after-
shock sequences, including the remotely triggered aftershocks of the
1992 Landers earthquake that occurred in the Long Valley caldera,

400 km away23. Aftershocks within the static range (,1 km of their
mainshocks) display Omori decay (Fig. 4a), but Japan Meteorological
Agency (JMA) catalogue ‘aftershocks’ located 10–50 km from their
mainshocks do not (Fig. 4b). For southern California, once the year
of seismicity after the two M . 7 shocks is removed (comprising 10% of
the ‘mainshocks’ and 21% of the ‘mainshock–aftershock’ pairs), Omori
decay all but disappears (Supplementary Fig. 3). The inland JMA cata-
logue lacks any M $ 7 mainshocks. The first year of the M $ 7
sequences provides the largest number of independent primary after-
shocks that can be mistaken for ‘mainshock–aftershock’ pairs (Fig. 1c).
If the Omori decay were indeed associated with aftershocks of M # 3
mainshocks, then excluding the first year after M $ 7 shocks would
have no impact.

Earthquakes that occur before the wave train from the mainshock
arrives cannot be aftershocks, and so should not exhibit the same decay
if it is caused by triggering. Most earthquakes unambiguously triggered
by teleseismic waves begin seconds after the surface (Love–Rayleigh)
wave arrival; shear (S)-wave triggering is rare and compressional (P)-
wave triggering is all but unknown6,8,16. Yet the power-law distance
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decay is seen before the arrival of the surface waves at seismicity
densities well above the expected background rates, and there is no
discontinuity of the decay across the wavefront boundary (Fig. 2b).
The decay curve extends to the calculated background at 13 km, even
though the P-wave reaches only 5 km. Three-quarters of the JMA
‘aftershocks’ that occur before the Love wave arrival lie in rupture
zones of earlier large mainshocks or at swarm sites (Supplementary
Fig. 4), suggesting that many of the nominal ‘mainshock–aftershock’
pairs are instead independent primary aftershocks of excluded main-
shocks (Fig. 1c), and swarm events triggered by creep or intrusions24–26

(Fig. 5a).
Consistent with the JMA observations, the highest rate of southern

California ‘aftershocks’ located more than 10 km from their ‘main-
shocks’ occurs within 0–6 s of the ‘mainshocks’, even though the
Rayleigh wave does not even reach 10 km until 3.3 s after the ‘main-
shock’ (Supplementary Fig. 2). A disproportionate number of the
Southern California ‘mainshock–aftershock’ pairs lie in rupture zones
of larger preceding mainshocks or in swarm sites (Fig. 5b), a further
indication of the misattribution of a triggering relationship. Some 56%
of the pairs have at least one shock in an aftershock zone of an excluded
mainshock or in an independently identified swarm zone, even though
only 32% of the ‘mainshocks’ locate in these zones. Similarly, a dis-
proportionate number of the pairs occur during the year after large
mainshocks or during swarms (Fig. 5b and Supplementary Fig. 5).

For each of these tests, the observations are consistent with the
alternative hypothesis of coincident and static-triggered aftershocks
shown in Fig. 1b and c: for two coincident independent aftershocks or
two swarm events triggered by a non-seismic process, in which the first
did not trigger the second event, the 5 min before the first event would
be identical to the 5 min afterwards. There would be a higher rate of
aftershocks only within the range of static stress, which for M , 3
mainshocks is ,300 m. Second, there should be no Omori decay from

the time of the first shock, because the subsequent events are not its
aftershocks. Finally, the second event of any coincident pair could
occur before the arrival of waves from the first, because the second
was not triggered by the first.

Taken together, we believe these tests (as well as others furnished in
Supplementary Figs 6–8) falsify the hypothesis that only dynamic
triggering can explain the power-law decay of aftershocks of
2 # M , 4 mainshocks to 50 km during the ensuing 5 or 30 min. We
suggest instead that the distance decay is primarily a selection artefact
that assumes that primary, independent aftershocks of larger main-
shocks have triggered each other. We emphasize that we are not sug-
gesting that dynamic triggering does not occur, but only that the
observed distance decay provides no evidence for it.

METHODS SUMMARY
We reproduce the algorithms of Felzer and Brodsky10 to select ‘mainshocks’ and
‘aftershocks’ by their criteria, and to calculate the linear seismicity density; both
procedures are explained graphically in Supplementary Fig. 1. We can almost
exactly replicate their results for southern California and Japan if we use their
catalogue parameters (Supplementary Table 1 gives their parameters and ours).
But because events identified by the Felzer and Brodsky10 selection criteria as
‘mainshock–aftershock’ pairs could instead be independent (for example, primary)
aftershocks of larger excluded mainshocks with no triggering relationship to each
other, we also derive the expected distribution of distances if all aftershocks were
restricted to the mainshock rupture surface, and thus no remote dynamic triggering
occurred at all. In the online-only Methods section, we derive an expression for the
distribution of mainshock rupture lengths assuming a Gutenberg–Richter distri-
bution of magnitudes, Wells–Coppersmith19 magnitude-to-rupture length scaling
(which for small earthquakes is equivalent to constant stress-drop scaling), and
aftershock productivity that scales with mainshock magnitude20. We then plot the
resulting decay of linear seismicity density for aftershocks produced by each main-
shock that survive Felzer and Brodsky10 selection, assuming either a line source, or
rectangular planes as in the realization of Fig. 1b. In Supplementary Figs 6–8, we
also test assertions by Felzer and Brodsky10 that 2 days of aftershocks of 5,M # 6
mainshocks exhibit a power-law decay to 500 km, and that 30 min of aftershocks of
M , 5 shocks and 30 days of aftershocks following M . 6 mainshocks cannot be
explained by static rate/state Coulomb stress triggering.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Expected aftershock distance-decay in the absence of remote dynamic triggering.
Because the events identified by the selection criteria of Felzer and Brodsky10 as
mainshock–aftershock pairs could plausibly instead be temporally coincident
independent (primary) aftershocks of some previous mainshock, we here derive
the expected distribution of distances between pairs of such events. We show that
standard and reasonable choices of the relevant parameters lead to distributions
which are power laws with a range of exponents that encompasses those seen in the
earthquake data.

We denote the distance between two such events (that is, two independent
aftershocks of a previous mainshock) as l and their probability distribution func-
tion (PDF) by wl lð Þ. Note that wl , being a PDF, is normalized to integrate to 1, but
that it is a linear density and differs from the linear seismicity density calculated
from the data only in the normalization. To derive this distribution we will need
both the distribution of distances between aftershocks of a mainshock of a given
size, and the distribution of those mainshock sizes. In this derivation we will
mostly work in a two-dimensional setting and so we use rupture length, L, as
the measure of mainshock size, but the results are similar in three dimensions,
in which one can represent mainshocks as squares or rectangles (as we show in
Fig. 1b).

To derive an expression for the distribution of mainshock rupture lengths, wL Lð Þ,
we will begin with the typical Gutenberg–Richter distribution of magnitudes:

wM Mð Þ~b ln 10ð Þ|10{b M{Mcð Þ for M§Mc ð1Þ

where b is the Gutenberg–Richter b-value and Mc is the magnitude of complete-
ness. This is the distribution of magnitudes of all events, but what we need is the
distribution of magnitudes of the earlier events that give rise to pairs of nearly
coincident aftershocks that are misidentified by the Felzer and Brodsky10 selection
criteria as ‘mainshock–aftershock’ pairs; we will denote this distribution by
w’M Mð Þ. This distribution will be different from that of all events for at least
two reasons: first, larger events produce more aftershocks, and second, the fraction
of aftershocks produced by a mainshock that survive the Felzer and Brodsky10

selection criteria and therefore are misidentified as mainshock–aftershock pairs
may vary with mainshock magnitude. Denoting the relative number of aftershocks
produced by a mainshock of magnitude M by p(M) and the fraction of aftershocks
of a magnitude M mainshock that survive the selection criteria by f(M), we have

w’M Mð Þ!wM Mð Þp Mð Þf Mð Þ ð2Þ

The number of aftershocks produced by a mainshock of magnitude M, p(M), is
often found (or taken) to be proportional to 10aM , with a < 1 (refs 13, 29 and 30).
The form of f(M) is harder to predict, though it would seem likely to be a
decreasing function of M (that is, larger mainshocks probably have a larger frac-
tion of their aftershocks eliminated by the selection criteria because of their more
productive aftershock sequences). Because wM Mð Þ and p(M) are both exponential,
we will here assume that f(M) is also exponential, so that the effect of multiplying
by f(M) is to modify the exponent. Specifically, in what follows we will take the
product p(M)f(M) to be proportional to 10a’M , and most probably 0ƒa’ƒa. This
gives:

w’M Mð Þ~ b{a’ð Þ ln 10ð Þ|10 {bza’ð Þ M{Mcð Þ for M§Mc ð3Þ

The next step is to derive the distribution of rupture lengths wL Lð Þ of those events
that produce pairs of aftershocks that survive the Felzer and Brodsky10 selection
criteria. Given a relation between rupture length and magnitude M~M Lð Þ, wL

will be given by the fundamental transformation law of probability densities31:

wL Lð Þ~w’M M Lð Þð Þ: dM
dL

����
���� ð4Þ

If we assume a standard empirical relation between rupture length and mag-
nitude19, which is roughly equivalent to uniform stress-drop scaling:

M~4:38z1:49 log10 Lð Þ ð5Þ

then we have:

wL Lð Þ~ 1:49 b{a’ð Þ
Lc

L
Lc

� �1:49 {b z a’ð Þ{ 1

for L§Lc ð6Þ

with the obvious definition of Lc such that Mc~4:39z1:48 log10 Lcð Þ, (that is, Lc

is the rupture length of an event with magnitude Mc).
To obtain wl lð Þ, the distribution of the distances l between these coincident

aftershocks, we need to know wljL l,Lð Þ (that is, the conditional distribution of l
for a given L). For a specific wljL l,Lð Þ we obtain wl lð Þ via a standard rule relating
marginal distributions to conditional distributions31:

wl lð Þ~
ð?

{?
wljL l,Lð ÞwL Lð ÞdL ð7Þ

Next, we explore what sorts of wl lð Þ result from choosing wljL l,Lð Þ that are con-
sistent with static stress triggering by an event with rupture length L. As an
illustrative oversimplification, if aftershocks were uniformly distributed along
the rupture surface (that is, a line of length L), with no off-fault aftershocks at
all, then the distribution of the distance between two randomly chosen aftershocks
would be given by:

wljL l,Lð Þ~ 2
L

1{
l
L

� �
for 0ƒlƒL ð8Þ

This arises because the PDF of the difference of two independent random variables
is the cross-correlation of the individual PDFs, and, in this case, the individual
PDFs of the event locations are rectangles that are non-zero between 0 and L. Thus,
the PDF of the difference of the two locations is a triangle centred on the origin
(that is, non-zero between 2L and L). However, the distance between them is the
absolute value of this difference, resulting in a triangle which is non-zero only
between 0 and L. This form of wljL l,Lð Þ results in a wl lð Þ given by:

wl lð Þ~
ð?

{?
wljL l,Lð ÞwL Lð ÞdL

~

ð?
max l,Lcð Þ

2
L

1{
l
L

� �
1:49 b{a’ð Þ

Lc

L
Lc

� �{1:49 b{a’ð Þ{1

dL

~

2
:

1:49 b{a’ð Þ
Lc

1
1:49 b{a’ð Þz1 { 1

1:49 b{a’ð Þz2
l

Lc

� �� �
for 0ƒlƒLc

2
:

1:49 b{a’ð Þ
Lc

1
1:49 b{a’ð Þz1 { 1

1:49 b{a’ð Þz2

� �
l

Lc

� �{1:49 b{a’ð Þ{1
for l§Lc

8>>>><
>>>>:

ð9Þ

Note that this is a power law with a slope of 1:49 {bza’ð Þ{1 for l§Lc. For
reasonable bounds on a’ and for b<1, this slope will range from approximately 21
(for a’~1), to approximately 22.5 (for a’~0), encompassing the range of power-
law slopes observed in the Southern California (Fig. 1a) and Japanese (Fig. 2a)
catalogue data.

We show two realizations of wl in Supplementary Fig. 1; in Supplementary Fig.
1f we distribute aftershocks uniformly along a line to compare it with the analytic
derivation above, and, perhaps more realistically, in Supplementary Fig. 1g we
uniformly distribute aftershocks on rectangular rupture areas. For both realiza-
tions we draw event magnitudes from a Gutenberg–Richter distribution with a
b-value of 0.96, the mean value we calculate for the Southern California catalogue.
We then use a’~0:65 to choose the number of aftershocks produced by each event
that survive the selection criteria. In Supplementary Fig. 1f, each mainshock is
assigned a length L from equation (5), and the aftershocks are uniformly distrib-
uted along a line of this length. In Supplementary Fig. 1g, each mainshock is
assigned an area from the relation19 A~10 M{4:07ð Þ=0:98 km2 and assigned a square
rupture area up to a size of 15 km 3 15 km and a rectangular area (with a width of
15 km) for larger areas. The aftershocks are then uniformly distributed over the
rupture area. Note in Supplementary Fig. 1f, for which we have an analytic pre-
diction, the prediction is in good agreement with the sampled empirical distri-
bution. Most important, the slopes of the lines fitted to the linear part of the
distributions are in the range seen for actual earthquake data. Note also that in
real data the behaviour at small separations will be strongly affected by location
errors.
Tests of arguments advanced in the Supplementary Information of ref. 10. We
find a distance-decay slope of 22.10 for the JMA catalogue (Fig. 2a), whereas Felzer
and Brodsky10 report a slope of 21.45 in their Supplementary Fig. 6a. Our steeper
slope arises because Felzer and Brodsky10 did not make any cutoff for location or
timing errors, and as a result their catalogue includes offshore earthquakes with
poor locations and depths. This leads to noisy measurements of ‘mainshock–
aftershock’ distance when the events are within a few kilometres of each other,
distorting the decay slope. By our reckoning, their mean three-dimensional location
error is 1,760 m (they report ‘‘2.2 km at 98% confidence’’, and so these estimates are
in rough agreement). In contrast, we used earthquakes with timing errors ,0.1 s,
which removed all offshore and outer island events; our resulting mean location
error is 908 m. We examined the JMA catalogue to benefit from its larger area,
higher earthquake rates, and denser station coverage; this coverage permits a lower
completeness magnitude, which we calculate27,28 to be 0.7 (shown in Supplementary
Fig. 4a), whereas Felzer and Brodsky10 consider M . 2.5 ‘aftershocks.’ But the
minimum magnitude is not the reason that we find a steeper slope than they do;
when we use M . 2.5, we find a slope of 22.16 6 0.30, indistinguishable from that
for M . 0.7. Because the Southern California catalogue has order-of-magnitude
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smaller location errors, no such cutoffs are needed and our distance decay slope
agrees with that of Felzer and Brodsky10.

In Supplementary Fig. 6, we test the argument of Felzer and Brodsky10 (their
Supplementary Fig. 5) that 2 days of M $ 3 aftershocks of 5 , M # 6 mainshocks
exhibit a power-law decay to 500 km. The nine ‘‘M 5 5–6’’ mainshocks in their
compilation are not identified, and there are only 6 ‘aftershocks’ beyond 10 km.
We instead analyse aftershocks of the 28 September 2004 M 5 6.1 Parkfield earth-
quake, which are complete to M 5 1.1 starting 15 min after the mainshock32, and
so provide ten times the data used in their figure; there is also no ambiguity about
choosing the fault plane from the nodal planes or the extent of the mainshock
rupture. The Parkfield aftershock distance-decay merges with the background at
20–30 km from the edges of the rupture surface in Supplementary Fig. 6, and is
well fitted by a static rate/state Coulomb stress model; there is no indication of a
decay extending hundreds of kilometres from the rupture.

Felzer and Brodsky10 analyse the period of 30 min–25 days following 3 # M,4
mainshocks in their Supplementary Fig. 4d to argue that over this longer time
period, the distance-decay remains consistent with a 21.4 power-law decay, but
with a larger contribution from background earthquakes. They fit the data with a
curve r(r) 5 cr21.4 1 b, where b is the background rate and r is distance; their plots
extend to 12 km. In fact, the data do not asymptote to zero beyond 12 km as
implied by this equation, but instead peak at the mean radius of the seismic
network because the background is not flat in linear density, as we show with
the blue curves in Fig. 2a (Japan) and Fig. 3 (southern California). But the 25-day
period they selected enables us to consider M $ 1.2 earthquakes following six
southern California 6.0 # M # 7.3 earthquakes with finite fault rupture models2

and with aftershocks complete within several days of their mainshocks, which we

show in our Supplementary Fig. 7. The Landers and Hector Mine earthquakes
alone contribute 15,000 aftershocks, 200 times more than in the plots of Felzer and
Brodsky10. These M $ 6 aftershock decays are well fitted by static rate/state
Coulomb stress, and none show uniform power-law decays except very roughly
over the range of 2–30 km. The correlation coefficients between observation and
the static stress model are high, and the regression slope is close to 1.

In their Supplementary Fig. 3, Felzer and Brodsky10 argue that the power law
distance decay extends to at least 16 km from 2 # M , 3 and 3 # M , 4 ‘main-
shocks’ for 30 min. Regardless of whether they are triggered by static or dynamic
stress, the maximum distance of triggered aftershocks should increase with main-
shock magnitude. Using their 30-min period, we find a magnitude dependence on
aftershock distance in our Supplementary Fig. 8, but only out to about 1 km from
the mainshock hypocentres for mainshocks. These observations are well fitted by
static stress-drop source scaling21, which simply means that most aftershocks
occur within or near the periphery of the mainshock rupture. The absence of
the dependence beyond 1 km is, in our judgment, incompatible with remote
dynamic triggering to 16 km.

29. Helmstetter, A. & Sornette, D. Subcritical and supercritical regimes in epidemic
models of earthquake aftershocks. J. Geophys. Res. 107, 2237, doi: 10.1029/
2001JB001580 (2002).

30. Felzer,K.,Abercrombie,R.&Ekström,G.Secondaryaftershocksandtheir importance
for aftershock forecasting. Bull. Seismol. Soc. Am. 93, 1433–1448 (2003).

31. Kendall, M. & Stuart, A. The Advanced Theory of Statistics Vol. 1 Distribution Theory
Ch. 1 (Hafner, 1969).

32. Peng, Z. & Zhao, P. Migration of early aftershocks following the 2004 parkfield
earthquake. Nature Geosci. 2, doi: 10.1038/ngeo1697 (2009).
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Genome-wide analysis of a long-term evolution
experiment with Drosophila
Molly K. Burke1, Joseph P. Dunham2, Parvin Shahrestani1, Kevin R. Thornton1, Michael R. Rose1 & Anthony D. Long1

Experimental evolution systems allow the genomic study of
adaptation, and so far this has been done primarily in asexual
systems with small genomes, such as bacteria and yeast1–3. Here
we present whole-genome resequencing data from Drosophila
melanogaster populations that have experienced over 600 genera-
tions of laboratory selection for accelerated development. Flies in
these selected populations develop from egg to adult ,20% faster
than flies of ancestral control populations, and have evolved a
number of other correlated phenotypes. On the basis of 688,520
intermediate-frequency, high-quality single nucleotide poly-
morphisms, we identify several dozen genomic regions that show
strong allele frequency differentiation between a pooled sample of
five replicate populations selected for accelerated development and
pooled controls. On the basis of resequencing data from a single
replicate population with accelerated development, as well as single
nucleotide polymorphism data from individual flies from each
replicate population, we infer little allele frequency differentiation
between replicate populations within a selection treatment.
Signatures of selection are qualitatively different than what has
been observed in asexual species; in our sexual populations,
adaptation is not associated with ‘classic’ sweeps whereby newly
arising, unconditionally advantageous mutations become fixed.
More parsimonious explanations include ‘incomplete’ sweep models,
in which mutations have not had enough time to fix, and ‘soft’ sweep
models, in which selection acts on pre-existing, common genetic
variants. We conclude that, at least for life history characters such
as development time, unconditionally advantageous alleles rarely
arise, are associated with small net fitness gains or cannot fix because
selection coefficients change over time.

Experimental evolution uses well-defined selection protocols to force
phenotypic divergence4,5. Studies of experimentally evolved popula-
tions have identified mutations responsible for particular adaptations6

and provided some general insights into the nature of adaptation in
asexually reproducing populations7. Adaptation in these populations is
driven by so-called classic selective sweeps, or the fixation of newly
arising beneficial mutations and the genome-wide haplotypes asso-
ciated with them. By contrast, an obligate sexually reproducing system
can harbour a great deal of standing genetic variation on which selection
can act. Standing variation is theoretically predicted to lead to rapid
evolution in novel environments8, and case studies of ecologically rel-
evant genes bear out this prediction9–11. The idea that short-term evolu-
tion may act primarily on pre-existing intermediate-frequency genetic
variants that are swept the remainder of the way to fixation has been
termed a soft sweep8,12 model.

We collected genome-wide resequence data for outbred, sexually
reproducing, replicated populations of D. melanogaster selected for
accelerated development and their matched control populations.
Using the Illumina platform, we obtained short-read sequences from
three genomic DNA libraries: a pooled sample of five replicate popula-
tions that have undergone sustained selection for accelerated develop-
ment and early fertility for over 600 generations (ACO); a pooled

sample of five replicate ancestral control populations, which experi-
ence no direct selection on development time (CO); and a single ACO
replicate population (ACO1). The ACO treatment has evolved strongly
differentiated life history phenotypes relative to those of the CO treat-
ment13 (summarized in Fig. 1; see also Supplementary Fig. 1 for the
history of the populations).

To identify single nucleotide polymorphisms (SNPs) significantly
differentiated between the ACO and CO populations, we aligned reads
to the reference genome of Drosophila and considered only those
genomic positions at which there were two observed allelic states.
After quality-filtering, we were left with 688,520 SNPs: approximately
one SNP for every 175 base pairs (bp) on the 120-megabase (Mb)
euchromatic genome (Methods). The average alignment depth at
identified SNPs was ,203 in both the ACO and CO libraries
(Supplementary Fig. 2), and ,103 in the ACO1 library. For every
SNP, we calculated 2log10(P) from a Fisher’s exact test (L10FET) for
a difference in allele frequency between the ACO and CO libraries, as
well as the ACO and ACO1 libraries.

We examined each SNP to determine whether it encodes an amino-
acid polymorphism, a segregating stop codon or a segregating inter-
ruption to a consensus splice junction (Supplementary Fig. 3). We

1Ecology and Evolutionary Biology, University of California, Irvine, 321 Steinhaus Hall, Irvine, California 92697-2525, USA. 2Molecular and Computational Biology, University of Southern California; Los
Angeles, California 90098, USA.
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Figure 1 | Summary of phenotypic divergence in the selection treatments
described in this study. Grey bars represent values measured in each of the five
replicate populations in the ACO and CO treatments. Measures from the five
baseline (B) replicate populations represent phenotypes typical of populations
kept on two-week generation maintenance schedules. Only data for females are
shown. Longevity and starvation resistance data were collected after at least 619
generations of ACO treatment, and both development time and dry weight data
(dry weight values are mean masses of groups of ten females) were collected
after 640 generations of ACO treatment. Error bars, s.e.m. for each replicate
population.
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identified 37,185 non-synonymous SNPs, 190 segregating stop codons
and 118 segregating splice variants. Of the ,37,000 putative non-
synonymous SNPs, 662 SNPs in 506 genes are associated with an
L10FET score .4 (only 3.7 SNPs are expected to exceed this threshold
by chance alone). These 662 SNPs are potential candidates for encod-
ing the causative differences between the ACO and CO populations, to
the extent that those differences are due to structural as opposed to
regulatory variants (compare with ref. 14). We carried out a functional
analysis of the 475 of these genes that have DAVID IDs (http://david.
abcc.ncifcrf.gov/; ref. 15) and present the results for the functional
categories that have a false-discovery rate of less than 10% for Swiss-Prot
protein keywords, InterPro domains and all Gene Ontology biological
processes (Supplementary Table 1). For the biological processes, there
is an apparent excess of genes important in development; for example,
the top ten categories are imaginal disc development, smoothened
signalling pathway, larval development, wing disc development, larval
development (sensu Amphibia), metamorphosis, organ morpho-
genesis, imaginal disc morphogenesis, organ development and regio-
nalization. This is not an unexpected result, given the ACO selection
treatment for short development time, but it indicates an important
role for amino-acid polymorphisms in short-term phenotypic evolu-
tion. We have created custom tracks representing our data for the
UCSC Genome Browser that allow a user to browse a region of interest
and examine allele frequency divergence in that region along with
functional annotations of segregating SNPs (see, for example, Sup-
plementary Fig. 4).

Previous work suggests that linkage disequilibrium in individual
ACO and CO replicate populations may extend anywhere from 20
to 100 kilobases5 (kb). Strong linkage disequilibrium suggests that
although the individual Fisher’s exact tests on the SNPs of this study
do not have a great deal of power to detect changes in allele frequency,
a sliding-window analysis may have considerable power. We carried
out a 100-kb genome-wide sliding-window analysis to identify regions
diverged in allele frequency between the ACO and CO libraries and
between the ACO and ACO1 libraries (Fig. 2; see Methods for details
including the definition of L10FET5%Q). The sliding-window analysis
identifies a large number of genomic regions showing significant
divergence between the accelerated development populations and
their matched controls (Fig. 2, black line), and very little evidence
for divergence between a single replicate evolved population (ACO1)
and the pooled sample consisting of all five ACO populations (Fig. 2,
grey line). We observe an apparent excess of diverged regions on the X
chromosome relative to on the autosomes, an observation that might
be expected if adaptation were driven by selection on initially rare
recessive or partially recessive alleles. The sharpness of the peaks in
Fig. 2 suggests that regions of the genome that have responded to
experimental evolution are precisely identified, but in fact even the
sharpest peaks tend to delineate ,50–100-kb regions (compare with
Supplementary Fig. 5). We are unable to determine the extent to which
additional sequencing coverage would offer increased resolution, or
whether the levels and patterns of linkage disequilibrium in these
populations are limiting. Regardless, it is apparent that allele frequencies
in a large portion of the genome have been affected following selection
on development time, suggesting a highly multigenic adaptive response.

Recent research on evolutionary genetics has focused on classic
selective sweeps, which are evolutionary processes involving the fixa-
tion of newly arising beneficial mutations16. In a recombining region, a
selected sweep is expected to reduce heterozygosity at SNPs flanking
the selected site. Sliding-window plots (100 kb) of heterozygosity in
ACO and CO lines suggest that there are indeed local losses of hetero-
zygosity (Fig. 3, red and blue lines, respectively). This is the case
particularly for the ACO populations, which have experienced more
generations of stronger selection in their recent evolutionary history
than the CO populations. Regions of reduced heterozygosity are
strongly associated with regions of differentiated allele frequency
(compare Figs 2 and 3; Supplementary Fig. 6). Notably, we observe

no location in the genome where heterozygosity is reduced to any-
where near zero, and this lack of evidence for a classic sweep is a feature
of the data regardless of window size.

The ACO1 sample and the ACO pool show very little evidence for
allele frequency differentiation (Fig. 2, grey line). Similarly, the sliding-
window analysis of heterozygosity in ACO1 (Fig. 3, grey line) shows
remarkable concordance with the reductions in heterozygosity in the
ACO pool (Fig. 3, red line). To better assess allele frequency differences
between replicate populations, we individually genotyped 35 females
from the five replicate populations of each selection treatment at 30
loci at which the resequence data predicted significantly different allele
frequencies. Replicate populations within a selection treatment have
very similar allele frequencies (Fig. 4a), and individual genotypes are
consistent with allele frequency estimates from the resequenced pooled
libraries (Fig. 4b). We therefore conclude that the congruence in allele
frequencies and patterns of heterozygosity between the ACO1 and
ACO libraries is unlikely to be some sort of artefact of sample prepara-
tion or data analysis.

We consider two possible explanations for the convergence of allele
frequencies and heterozygosity levels between replicate populations.
First, selection is acting on the same intermediate-frequency variants in
each population. Under this scenario, convergence in allele frequencies is
due to parallel evolution. Second, unwanted migration between replicate
populations, even at very low levels, could explain observed similarities.
Despite preventative measures in place to isolate replicate populations
during routine maintenance, some degree of migration between the rep-
licate populations within a selection treatment is probable (successful
migration between treatments is not as likely, owing to the selection
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regimes effectively precluding the survival and reproduction of migrants).
If migration is occurring, its rate must be low, as we have observed
substantial and sustained phenotypic differences between replicate popu-
lations within selection treatments (compare with Fig. 1). A small amount

of cross-contamination between replicate populations does not rule out
our inference that classic selective sweeps have not occurred during the
evolution of these populations. If classic sweeps are occurring in the
presence of migration, the ACO pool should show regions of zero hetero-
zygosity, because unconditionally beneficial alleles can move between
populations, whereas in the absence of migration we expect to see regions
of zero heterozygosity in a single replicate population. In fact, we see no
evidence for sweeps in ACO1 nor in the pool of all the populations with
accelerated development.

There are several possible explanations for our failure to observe the
signature of a classic sweep in these populations, despite strong selec-
tion. Classic sweeps may be occurring, but have had insufficient time to
reach fixation. This explanation is consistent with observed data, but
requires that newly arising beneficial alleles have small associated
selection coefficients (Supplementary Fig. 7). Alternatively, selection
in these lines may generally act on standing variation, and not new
mutations. This soft sweep model predicts partial losses of heterozy-
gosity flanking selected sites, provided that selection begins acting
when mutations are at low frequencies12,17, and this is consistent with
our observed data. However, if a large fraction of the total adaptive
response is due to loci fixed by means of soft sweeps, there should be
insufficient genetic variation to allow reverse evolution in these popu-
lations. But forward experimental evolution can often be completely
reversed with these populations5, which suggests that any soft sweeps
in our experiment are incomplete and/or of small effect (Supplemen-
tary Fig. 5). A third explanation is that the selection coefficients asso-
ciated with newly arising mutations are not static but in fact decrease
over time. This could be the case if initially rare selected alleles increase
to frequencies where additional change is hindered, perhaps by linked
deleterious alleles or antagonistic pleiotropy. Laboratory evolution
experiments typically expose populations to novel environments in
which focal traits respond quickly and then plateau at some new value
(compare with refs 13, 18). Chevin and Hospital19 recently modelled
the trajectory of an initially rare beneficial allele that does not reach
fixation because its selective advantage is inversely proportional to the
distance to a new phenotypic optimum, and that optimum is reached,
because of other loci, before the variant fixes. This model therefore has
appeal in the context of experimental evolution, as it assumes popula-
tions generally reach a new phenotypic optimum before newly arising
beneficial mutations of modest effect have had time to fix.

Our work provides a new perspective on the genetic basis of adapta-
tion. Despite decades of sustained selection in relatively small, sexually
reproducing laboratory populations, selection did not lead to the fixa-
tion of newly arising unconditionally advantageous alleles. This is
notable because in wild populations we expect the strength of natural
selection to be less intense and the environment unlikely to remain
constant for ,600 generations. Consequently, the probability of fixa-
tion in wild populations should be even lower than its likelihood in
these experiments. This suggests that selection does not readily
expunge genetic variation in sexual populations, a finding which in
turn should motivate efforts to discover why this is seemingly the case.

METHODS SUMMARY
Experimental evolution system. The ACO1–ACO5 selection treatments are
maintained on a 9–10-d cycle and the control treatments, CO1–CO5, are main-
tained on a 28-d cycle. The flies used for sequencing were collected after 605
generations (ACO) and 252 generations (CO) of selection.
Genome sequencing. DNA was extracted from 25 female flies collected from each
of the ACO1–ACO5 and CO1–CO5 populations and pooled within selection treat-
ments to make two Illumina paired-end libraries. We also created a library for the
ACO1 replicate population only. The pooled libraries were each run on four
(unpaired 54-bp) lanes of an Illumina Genome Analyser II, and the ACO1 library
was run on a single (paired-end 36-bp) lane.
SNP identification and sliding-window analysis. We used MOSAIKALIGNER
to align all of our sequences to the reference genome of Drosophila. We then used
custom PERL scripts to count the number of single nucleotide mismatches at every
position in the genome, as a function of selection treatment. Fisher’s exact tests
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were conducted at each SNP and in regions of the genome enriched for SNPs
showing differences in allele frequency between the ACO and CO treatments (or
ACO and ACO1 treatments) identified using a 100-kb sliding-window analysis
with a step size of 2 kb. We used the same sliding window and step size in the
analysis of heterozygosity.
CAPS analysis. We used CAPS techniques to genotype panels of 35 individual
flies from the ACO1–ACO5 and CO1–CO5 populations at 30 significant loci
implicated by the resequencing data. Each of these 30 loci also had to harbour
an allele-specific restriction endonuclease cleavage site.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Evolutionary history of the laboratory system. This experimental system was
founded in 1975 on a single outbred population sampled from South Amherst,
Massachusetts, and sets of replicated populations experiencing different selection
treatments have been maintained since 1980 under the specific conditions of
large population size (N . 1,000) and discrete generations. The selection treat-
ments used for this study are five replicate populations maintained on a 9–10-d
cycle (ACO1–ACO5) and control populations maintained on a 28-d cycle (CO1–
CO5). Both ACO and CO treatments share the same long-lived ancestor (O1–O5)
(Supplementary Fig. 1). When compared to the populations of the CO treatment,
the ACO populations feature a suite of significantly differentiated phenotypes,
including shorter development time and reductions in pre-adult viability,
longevity, adult body size and stressresistance13,20,21 (Fig. 1). The flies used for
sequencing were collected from the ACO populations after 605 generations of
divergence from a CO ancestor population, and from the CO treatments after 252
generations of divergence from the same CO ancestor. The CO treatment does
not feature stringent selection, as it entails no more than moderate selection for
postponed reproduction, resulting in moderately increased development time
and longevity. For a comparison of ACO and CO treatments with a standard
14-d maintenance treatment (labelled B (baseline) in the Rose laboratory), refer
to Fig. 1.
Phenotype assays. Before measuring phenotypes, we handled all populations for
two generations on a standard 14-d rearing schedule. The populations assayed
have been maintained on banana/corn syrup/agar medium, developed in 8-dram
glass culture vials and kept on a 24-h light cycle. All phenotype assays were
conducted after flies were collected for Illumina sequencing; at least 600 genera-
tions of ACO selection had elapsed at the time of the assays.
Longevity assay: Approximately 3,500 individual flies from each replicate popu-
lation were transferred from culture vials into large Plexiglas cages on day 14 post-
oviposition. Fresh food was supplied to each cage every 2 d, and the dead flies in
each cage were counted and sexed every 2–3 d until all flies in all cages had died.
Starvation resistance assay: Forty-eight individual flies were transferred from each
population’s culture vials into assay vials with no food and moist cotton balls 16–17 d
post-oviposition. Flies were monitored every 4 h, and dead flies were sexed and
counted at every check.
Development time assay: Within 3 h of oviposition, ,60 eggs were transferred to
each of five 8-dram ‘development’ vials with fresh medium per replicate popu-
lation (,300 individuals were assayed per replicate population, meaning ,1,500
individuals were assayed per selection treatment). Development vials were kept at
25 uC and were monitored until eclosion. On eclosion, adults were collected and
sexed every 6 h. The assay was terminated on day 14 post-oviposition, when only
one or two flies were eclosing by the time of each check.
Dry weight assay: Seventy individual females were flash-frozen on day 16 post-
oviposition and then placed in a drying oven for 24 h. Flies were weighed in groups
of ten, and these grouped masses were represented in units of milligrams (Fig. 1).
DNA and sequencing. DNA was extracted from pooled samples of 25 female flies
collected from each of the ACO1–ACO5 and CO1–CO5 populations (Puregene
DNA Extraction Kit, Qiagen). Equal molarities of each pooled sample were com-
bined to produce 1.5mg of genomic DNA from each selection treatment, to make
two Illumina paired-end libraries using the standard library preparation protocol.
The ACO1 library was prepared from a different DNA sample, made from 100
females collected 25 generations after the pooled ACO sample was created. The
ACO and CO pooled libraries were each run on four unpaired 54-bp lanes of an
Illumina Genome Analyser II, and the ACO1 library was run on a single PE36 lane.
Clusters passing Bustard quality filters were saved as FASTQ files for use in
subsequent bioinformatics steps.
SNP identification. FASTQ files were processed using the MOSAIKALIGNER
set of tools (version 0.9.0891 of the MOSAIK Software Suite; http://bioinformatics.
bc.edu/marthlab/Mosaik) as well as a collection of custom PERL scripts.
MOSAIKBUILD and release 5.1 of the D. melanogaster genome were used to
create a jump database with a hash size of 13. All reads were aligned to that
reference genome using MOSAIKALIGNER with the following alignment para-
meters: -hs 13 -mm 4 -a all -m unique -mhp 100 -act 20 -km -pm. The resulting
aligned reads were combined to create a single AXT file, with each read marked to
indicate experimental treatment. A custom PERL script then parsed every position
on the five major chromosome arms counting the number of ‘A’, ‘C’, ‘G’, ‘T’ or ‘-’
alleles as a function of evolutionary treatment. MOSAIKALIGNER has the ability
to align short indels relative to the reference sequence, thus allowing us to score
sites with a deletion relative to the reference sequence as ‘-’. We did not consider
positions that represent an insert relative to the reference sequence, as they present
computational difficulties. We define the major allele at a site as the most fre-
quently observed allelic state across both experimental treatments, the minor allele
as the second most frequently observed allelic state and discard alleles not belong-

ing to those two categories. Although tri-allelic SNPs can exist, our approach
ignores such SNPs, as in Illumina GAII data sets rare third alleles are likely to
be errors. To be considered an SNP, a site was required to have a total alignment
depth of more than 15 and less than 150 (very high alignment depths are likely to
be repetitive DNA). The site was also required to have an alignment depth of more
than two in both experimental treatments, as well as a minor allele frequency of
more than 2% using a binomial likelihood-ratio approach22. SNPs failing to meet
these criteria were much more likely to be false positives. Several lines of evidence
suggest that the vast majority of the quality-filtered SNPs are real: for instance,
over 80% of them are also polymorphic in a collection of ,39 inbred strains from
Raleigh, North Carolina (DPGP release 0.5); we observe very few SNPs encoding
stop codon and/or disruptions of consensus splice junctions; and the validation
rate for a subset of SNPs assayed in individual flies using CAPS was 100%.
Differentiated SNPs and sliding-window analysis. We carried out a Fisher’s
exact test at every SNP and refer to the negative base-ten logarithm of the resulting
P value as an L10FET score. Given that the average coverage in each pooled
population was ,203, individual Fisher’s exact tests are unlikely to reach gen-
ome-wide statistical significance even with large allele frequency differences
between populations (for example, fisher.test(matrix(c(15,5,5,15),ncol 5 2))$
p.value 5 0.3% in R). To identify regions of the genome enriched for SNPs show-
ing differences in allele frequency between the ACO and CO treatments, we
carried out a 100-kb sliding-window analysis with a step size of 2 kb on the
quantile score that only 5% of the L10FET scores exceeded (L10FET5%Q; for each
window in R we record quantile(l,probs 5 0.95), where l is the list of L10FET
values for that window). Qualitatively, this statistic does not perform differently
from the mean L10FET score, but it has the feature of providing information with
respect to SNPs in the significant tail of the distribution. It is difficult to determine
whether the L10FET5%Q score for any given window is significantly greater than
genome-wide background. Randomization or permutation tests commonly used
to assess significance remove the autocorrelation in L10FET scores due to linkage
disequilibrium, and as a result tend to be liberal. Therefore, for each window we
calculated a standard deviation on the L10FET5%Q score via 100 bootstrap replicate
samples of l(sL10FET5%Q ). In R, we then placed a conservative 99.9% upper bound on
L10FET5%Q as median(L10FET5%Q) 1 qnorm(0.999) 3 quantile(n,probs 5 0.75),
where n is the list of sL10FET5%Q scores over all windows. As observed linkage
disequilibrium in these populations tends to extend from 20 to 100 kb, using a
marginal threshold of 0.1% implies a total number of peaks across the whole
genome exceeding this threshold of fewer than ten.

For every identified position in the genome, we asked whether it was predicted
to encode a non-synonymous polymorphism, a segregating stop or a segregating
splice junction polymorphism. A MySQL database was created from the annota-
tion of the D. melanogaster coding sequences. The database contains the locations
of all canonical splice positions and the effect of every possible single nucleotide
change in coding regions. We then cross-referenced this database with our list of
significantly differentiated SNPs using MySQL queries. A Gene Ontology analysis
was carried out using the DAVID website (http://david.abcc.ncifcrf.gov/; ref. 15)
and the list of the unique gene names generated from the above query (Sup-
plementary Table 1).
Genotyping individuals using CAPS. DNA was extracted from 35 individual
female flies obtained from the ACO1–ACO5 and CO1–CO5 populations from the
same generation as that used to create the pooled libraries. We designed 30 pairs of
PCR primers to amplify ,300-bp amplicons at loci that contained a predicted SNP
that was at significantly different frequencies in the ACO and CO treatments
(L10FET, .5.1) and encoded an allele-specific polymorphic restriction site. PCR
and restriction reactions were carried out in 384-well plates, run on 3% agarose
gels and visually scored. Details of the PCR and restriction reaction conditions can
be found in Supplementary Table 2. To determine whether CAPS allele frequen-
cies were significantly different in the ACO and CO selection treatments, we
carried out paired t-tests (pairs of replicates have shared evolutionary history;
compare with Supplementary Fig. 1) of arcsine-transformed allele frequency esti-
mates. The SNPs examined using CAPS were all at significantly different allele
frequencies in the ACO and CO treatments (P , 0.025). We expect the differences
between the allele frequencies measured by resequencing to be slightly larger than
the differences between allele frequencies measured by CAPS, owing to the ‘winner’s
curse’ phenomenon; this could explain why our r2 value (r2 5 0.85) is not closer to
one (Fig. 4b).
Data availability. The FASTQ files associated with this project are deposited in
GenBank’s SRA under the accession numbers SRR036932–SRR036940. Two
gzipped data files are available on request from the authors. The first includes a table
with information on the 688,520 high-quality SNPs, and the source code and files
needed to regenerate other necessary database tables to reproduce the analyses of this
work. The second contains four tables that can be uploaded to the UCSC Genome
Browser to create custom tracks representing the sliding-window L10FET5%Q scores,
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Polyreactivity increases the apparent affinity of
anti-HIV antibodies by heteroligation
Hugo Mouquet1, Johannes F. Scheid1,2, Markus J. Zoller3, Michelle Krogsgaard4, Rene G. Ott5, Shetha Shukair6,
Maxim N. Artyomov7, John Pietzsch1,8, Mark Connors9, Florencia Pereyra10, Bruce D. Walker10, David D. Ho11, Patrick C. Wilson12,
Michael S. Seaman13, Herman N. Eisen7, Arup K. Chakraborty7, Thomas J. Hope6, Jeffrey V. Ravetch5, Hedda Wardemann3

& Michel C. Nussenzweig1,14

During immune responses, antibodies are selected for their ability
to bind to foreign antigens with high affinity, in part by their
ability to undergo homotypic bivalent binding. However, this type
of binding is not always possible. For example, the small number of
gp140 glycoprotein spikes displayed on the surface of the human
immunodeficiency virus (HIV) disfavours homotypic bivalent
antibody binding1–3. Here we show that during the human antibody
response to HIV, somatic mutations that increase antibody affinity
also increase breadth and neutralizing potency. Surprisingly, the
responding naive and memory B cells produce polyreactive antibodies,
which are capable of bivalent heteroligation between one high-affinity
anti-HIV-gp140 combining site and a second low-affinity site on
another molecular structure on HIV. Although cross-reactivity to
self-antigens or polyreactivity is strongly selected against during
B-cell development4, it is a common serologic feature of certain
infections in humans, including HIV, Epstein-Barr virus and
hepatitis C virus. Seventy-five per cent of the 134 monoclonal
anti-HIV-gp140 antibodies cloned from six patients5 with high
titres of neutralizing antibodies are polyreactive. Despite the low
affinity of the polyreactive combining site, heteroligation demon-
strably increases the apparent affinity of polyreactive antibodies to
HIV.

Although most B cells in the nascent repertoire are poly- or self-
reactive, only 5% of the B cells in the mature naive B cell compartment
retain this unusual form of reactivity4,6.

Surprisingly, however, B cells can re-acquire poly- and self-reactivity
during the germinal centre reaction7, and self-reactivity is also associated
with serum antibody responses in several persistent infections, including
vaccinia virus in mice8 and HIV, Epstein-Barr virus and hepatitis C virus
in humans. This strange though relatively common feature of antibodies
was first documented in studies of anti-hapten-specific myeloma
proteins over three decades ago9; however, its role (if any) in the antibody
response to a specific antigen has yet to be explored.

One possible function for polyreactivity would be to increase antibody
affinity for a pathogen where simple homotypic bivalent ligation is not
feasible. To test this idea we studied antibody response to HIV because
its gp140 surface spike is present at a very low density of only 10–15 viral
spikes per virion1,2,10,11. Homotypic bivalent binding is therefore
unlikely3, but an anti-HIV antibody might increase its overall apparent
affinity to the virus by heterogenous ligand binding or heteroligation. In
this model, one combining site would bind with high affinity to gp140,
whereas the other would bind with low affinity to any of several other
ligands on the viral surface.

We studied 134 unique anti-gp140 and 52 control non-gp140 reactive
antibodies5 (Supplementary Table 1). All of the anti-HIV antibodies were
compared with previously reported IgG antibodies cloned from the
memory B cells of uninfected controls7, non-gp140 binding antibodies
fromthesamepatients5,andpreviouslycharacterizedbroadlyneutralizing
anti-HIV antibodies 2F5, 4E10, 2G12 and b12.

To determine whether anti-HIV antibodies are polyreactive, we mea-
sured binding to single-stranded DNA, double-stranded DNA, lipopoly-
saccharide, insulin and keyhole limpet haemocyanin (KLH) by enzyme-
linked immunosorbent assay (ELISA)4 (Fig. 1a, b, Supplementary Figs 1a
and 2 and Supplementary Table 1). Seventy-five per cent of all anti-gp140
memory antibodies were polyreactive (P , 0.0001 compared with unin-
fected controls, Fig. 1b). Although the frequency of polyreactive antibod-
ies varied between patients (from 59 to 82%), the difference between
gp140 binding and non-binding antibodies was highly significant in
all cases, whether compared with all antibodies or with those within an
individual (Fig. 1b and Supplementary Fig. 1a). Cardiolipin binding was
highly correlated with polyreactivity (Fig. 1c and Supplementary Figs 1b
and 3, P , 0.0001 compared with control Fig. 1c and Supplementary Fig.
4). Similarly, anti-gp140 antibodies were more reactive in the HEp-2
ELISA than matched or historical controls (51% anti-gp1401 versus
33% gp1402, P 5 0.033, Fig. 1d and Supplementary Fig. 1c). We con-
clude that the majority of all anti-gp140 antibodies studied are polyreac-
tive and more likely to bind to cardiolipin and self-antigens in HEp-2 cell
lysates compared with control antibodies.

To determine whether polyreactivity, cardiolipin or HEp-2 reactivity
is associated with binding to specific epitopes on gp140, we segregated
the ELISA results according to reactivity with gp120, gp41, the CD4-
binding site (CD4bs), the CD4-induced site (CD4i), the variable loops
and the gp120 core antigen (gp120core5). Anti-gp41 antibodies were
more reactive than anti-gp120 in all assays (Fig. 2a). Among the anti-
gp120s, antibodies to gp120core, CD4bs and the variable loops were
more likely to be poly-, cardiolipin- or HEp-2 reactive than antibodies
to CD4i (Fig. 2a).

Several features of antibodies have been associated with poly-
reactivity, including the length, charge and hydrophobicity of the IgH
complementarity-determining region 3 (CDR3). However, these fea-
tures have never been examined in the context of polyreactive antibodies
that specifically recognize a particular antigen12,13. We found that none
of these features were highly correlated with polyreactivity in the anti-
gp140 antibodies (Fig. 2b).

Anti-gp140 antibodies are highly somatically mutated5. To examine
the relationship between somatic mutation and antibody specificity,
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we reverted the somatic mutations in 20 randomly selected anti-gp140
antibodies and tested them for specific reactivity and polyreactivity.
Gp140 binding was undetectable in 12 out of 20 reverted antibodies
(Fig. 3a). The eight antibodies that retained gp140 binding showed

lower binding activity in ELISA, consistent with a loss in binding
affinity (Fig. 3a, Supplementary Fig. 5 and Supplementary Table 2).
When tested for neutralizing activity, five of the eight reverted antibodies
that retained residual gp140 binding showed complete loss of activity
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Figure 1 | Polyreactivity, anti-cardiolipin and HEp-2 ELISAs. a, ELISAs
measuring the reactivity of 4E10 (ref. 23), b12 (ref. 24), 2F5 (ref. 25) and 2G12
(ref. 26) against double-stranded DNA, single-stranded DNA, insulin and
lipopolysaccharide. Dotted lines represent the positive control antibody ED38
(ref. 27). Horizontal lines show cut-off OD405 nm for positive reactivity. Green
and red lines show the negative and low positive control antibodies,
respectively4,28. b, As in a but for IgG antibodies cloned from gp1401 cells from
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gp1402 IgGs or between gp1401 and gp1402 for patients 2 and 3 as indicated.
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(Supplementary Tables 2 and 3). The other three showed loss of breadth
and potency (Supplementary Table 3). We conclude that somatic hyper-
mutation enhances the affinity and neutralizing activity of the anti-
gp140 antibodies cloned from memory B cells of the selected patients
with high serum titres of broadly neutralizing antibodies.

To examine the relationship between polyreactivity and somatic
mutation, we measured the polyreactivity of the reverted antibodies
(Supplementary Table 2). Fifteen of the 20 anti-gp140 somatically
mutated antibodies were polyreactive before reversion (Fig. 3b, c).
After reversion, 12 were still polyreactive (Fig. 3b, c and Supplemen-
tary Figs 2d and 5). Of the five that were not polyreactive before
reversion, two were polyreactive after reversion. Thus 70% of the
antibodies tested were polyreactive before entering the germinal centre
as opposed to 5% in the overall naive repertoire4,6. We conclude that
polyreactive antibodies are positively selected during the anti-HIV
antibody response even before the germinal centre reaction and before
somatic mutation; this reactivity is preferentially retained throughout
affinity maturation despite hypermutation.

Polyreactive anti-gp140 antibodies would be positively selected if they
bind more strongly to HIV than non-polyreactive antibodies (Fig. 4a
and Supplementary Data 1). To determine whether heteroligation
increases the affinity of anti-HIV antibodies we performed surface plas-
mon resonance (SPR) experiments (Fig. 4, Supplementary Figs 6 and 7
and Supplementary Table 4). We selected KLH to use as a representative
low-affinity ligand because its degree and spectrum of reactivity in

ELISA was intermediate in the polyreactivity ELISAs and because it is
readily coupled to the SPR chips with gp120 (Supplementary Figs 2 and
6a). Chips bearing high densities of gp120 were designed to allow for
bivalent antibody binding. In contrast, chips bearing low densities of
gp120 should only allow for monovalent antibody binding. Finally,
mixed chips derivatized with a combination of a small amount of
gp120 and high-density KLH were designed to evaluate heteroligation
by high-affinity monovalent binding to gp120 and simultaneous low-
affinity binding to KLH (Fig. 4a and Supplementary Fig. 8).

The three polyreactive and two non-polyreactive antibodies tested
bound to the high-density gp120 chips, with values of high-affinity
KA

app ranging from 5.6 3 108 to 4.5 3 1011 M21 and, as expected, the
reverted antibody 2-1262R bound with lower affinity to gp120 at
higher density than its mutated counterpart (Fig. 4b and Supplemen-
tary Table 4, KA

app 1.3 3 109 versus 4.5 3 1011 M21, respectively). Also
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as expected, the values of KA
app measured on the chips derivatized with

the low-density gp120 were significantly lower than on the high-den-
sity gp120 chips (Fig. 4b, Supplementary Fig. 7a and Supplementary
Table 4) and there was no binding by the polyreactive anti-gp41 con-
trols to the low-density gp120-derivatized surface (Supplementary Fig.
6d). The three polyreactive antibodies bound to KLH with low affinities,
with values of KA

app ranging from 3.1 3 103 to 4.6 3 104 M21, whereas
binding by the non-polyreactive antibodies was too low to calculate.
Interestingly, the combination of low amounts of gp120 with high-
density KLH on a mixed surface resulted in an increase in polyreactive
antibody affinity (KA

app) of up to nearly 25-fold over the gp120 alone at
low density (Fig. 4b). In contrast there was no such effect for the non-
polyreactive anti-gp120 and polyreactive but non-gp120-reactive con-
trols (Supplementary Fig. 7a and Supplementary Table 4). The net
values of KA

app produced by heteroligation were intermediate between
monovalent and divalent homotypic binding to gp120 (Supplementary
Table 4). Fabs did not show enhanced binding on the mixed chips (Sup-
plementary Table 5 and Supplementary Fig. 7b, c). In addition, poly-
reactive but not non-polyreactive antibodies were inhibited by KLH
when the antigen was present at low concentrations (Supplementary
Fig. 9). Finally, the intact antibodies bound strongly to the virus in
ELISA, whereas binding by Fab fragments of the same antibodies in
ELISA was difficult to detect (Fig. 4c and Supplementary Fig. 10a). As
expected, binding to the virus was inhibited by KLH at concentrations
ranging from one to two orders of magnitude higher than gp120, and
higher concentrations of KLH were required to inhibit binding of

anti-HIV antibodies that showed higher levels of polyreactivity (Fig.
4d and Supplementary Figs 6a and 10b, c).

Because KLH is only a model ligand, and the analysis of its hetero-
ligation effects is complex, we also sought to determine whether poly-
reactivity enhances antibody binding to HIV by performing SPR
experiments comparing soluble gp120 and the virus. We included
1-863, which is not polyreactive, but like 2-1262 also binds to the
CD4-binding site5, and 3N-118 (ref. 5), which does not bind to
gp120 but is polyreactive (Supplementary Table 1 and Supplemen-
tary Figs 6a and 7a). The highest affinity for soluble gp120 was shown
by 1-863, followed in order by 2-1262, 4-341R and 2-1262R (Fig. 4f,
Supplementary Fig. 10d and Supplementary Table 5). In striking con-
trast, 2-1262 had the highest relative affinity for the virus, followed by
4-341R, 2-1262R and finally the non-polyreactive 1-863 antibody (Fig.
4e, g, Supplementary Fig. 10d and Supplementary Table 5). Also con-
sistent with heteroligation, competition SPR experiments using the
virion and HIV-mimic liposomes showed enhanced antibody dissoci-
ation from the virus in the presence of the liposomes (Supplementary
Fig. 11). We conclude that polyreactivity enhances the relative affinity
of anti-gp120 antibodies to the HIV virion.

Antibodies specific for conserved regions of the HIV spike protein
have the ability to neutralize the virus and prevent infection in non-
human primates14,15, and it is generally agreed that such antibodies
would be an important component of any successful anti-HIV vac-
cine16–18. Our data show that somatic hypermutation is essential to
increased antibody affinity, neutralizing potency and breadth.
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Antibodies are traditionally considered to engage antigen in a mono-
specific bivalent manner, which enhances apparent affinity by decreas-
ing the rate of dissociation from the ligand. Our experiments elucidate
an unanticipated mechanism for increasing antibody affinity in cases
when homotypic bivalent binding is not possible. Heteroligation
appears to be a conserved feature of immune recognition, because a
related mechanism is used by the T-cell receptor to facilitate signal
transduction19. Although heteroligation increases apparent affinity
and is positively selected during the immune response to HIV, this
feature is not required for neutralization; for example b12 and 2G12
show little if any polyreactivity20 (Fig. 1a and Supplementary Fig. 6a).

Heteroligation improves antibody affinity when homotypic bivalent
binding is disfavoured, but it may be particularly difficult to achieve
because only a small fraction of the B cells in the naive repertoire are
polyreactive4. This paucity of polyreactive B cells in the naive repertoire
may in part explain the delayed and only occasional development of
high-affinity broadly neutralizing antibodies during HIV infection.
Finally, the existence of heteroligation and its contribution to anti-
HIV antibody affinity suggests that mimicking the low-density viral
antigens encountered during natural infection should be considered as
a means to enhance anti-HIV immunization.

METHODS SUMMARY
Antibody reactivity. Anti-gp140, reverted anti-gp140 and control antibodies
cloned from the peripheral blood IgG memory B cells from six HIV-infected
patients5 were tested for polyreactivity, HEp-2 cells and other antigens by
ELISA as previously described4,21.
Antibody heteroligation analyses. Antibody affinities to gp120, KLH or both
were measured by SPR using a Biacore T100 (Biacore). Antibody binding to HIV
virus was tested by ELISA using BaL virus as antigen and by bead-based flow
cytometry assay using a green fluorescent protein (GFP)–Gag BaL virus22.
Competition experiments were performed with different concentrations of purified
YU2-gp120 and KLH proteins. The relative affinity of the selected IgG antibodies to
BaL virus22 was measured by SPR using IgG-immobilized surfaces.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.

Received 14 December 2009; accepted 30 July 2010.

1. Zhu, P. et al. Distribution and three-dimensional structure of AIDS virus envelope
spikes. Nature 441, 847–852 (2006).

2. Liu, J., Bartesaghi, A., Borgnia, M. J., Sapiro, G. & Subramaniam, S. Molecular
architecture of native HIV-1 gp120 trimers. Nature 455, 109–113 (2008).

3. Klein, J. S. et al. Examination of the contributions of size and avidity to the
neutralization mechanisms of the anti-HIV antibodies b12 and 4E10. Proc. Natl
Acad. Sci. USA 106, 7385–7390 (2009).

4. Wardemann, H.et al.Predominantautoantibody productionby early humanB cell
precursors. Science 301, 1374–1377 (2003).

5. Scheid, J. F. et al. Broad diversity of neutralizing antibodies isolated from memory
B cells in HIV-infected individuals. Nature 458, 636–640 (2009).

6. Tsuiji, M. et al. A checkpoint for autoreactivity in human IgM1 memory B cell
development. J. Exp. Med. 203, 393–400 (2006).

7. Tiller, T. et al.Autoreactivity inhuman IgG1 memoryB cells. Immunity 26, 205–213
(2007).

8. Zinkernagel, R. M. et al. Virus-induced autoantibody response to a transgenic viral
antigen. Nature 345, 68–71 (1990).

9. Michaelides, M. C. & Eisen, H. N. The strange cross-reaction of menadione (vitamin
K3) and 2,4-dinitrophenyl ligands with a myeloma protein and some conventional
antibodies. J. Exp. Med. 140, 687–702 (1974).

10. Chertova, E. et al. Envelope glycoprotein incorporation, not shedding of surface
envelope glycoprotein (gp120/SU), is the primary determinant of SU content of

purified human immunodeficiency virus type 1 and simian immunodeficiency
virus. J. Virol. 76, 5315–5325 (2002).

11. Karlsson, G. B., Gao, F., Robinson, J., Hahn, B. & Sodroski, J. Increased envelope
spike density and stability are not required for the neutralization resistance of
primary human immunodeficiency viruses. J. Virol. 70, 6136–6142 (1996).

12. Aguilera, I., Melero, J., Nunez-Roldan, A. & Sanchez, B. Molecular structure of
eight human autoreactive monoclonal antibodies. Immunology 102, 273–280
(2001).

13. Ichiyoshi, Y. & Casali, P. Analysis of the structural correlates for antibody
polyreactivity by multiple reassortments of chimeric human immunoglobulin
heavy and light chain V segments. J. Exp. Med. 180, 885–895 (1994).

14. Shibata, R. et al. Neutralizing antibody directed against the HIV-1 envelope
glycoproteincancompletelyblockHIV-1/SIVchimeric virus infectionsofmacaque
monkeys. Nature Med. 5, 204–210 (1999).

15. Zolla-Pazner, S. Identifying epitopes of HIV-1 that induce protective antibodies.
Natl. Rev. 4, 199–210 (2004).

16. KarlssonHedestam,G.B.et al. Thechallenges of eliciting neutralizing antibodies to
HIV-1 and to influenza virus. Nature Rev. Microbiol. 6, 143–155 (2008).

17. Mascola, J. R. HIV/AIDS: allied responses. Nature 449, 29–30 (2007).
18. Sather, D. N. et al. Factors associated with the development of cross-reactive

neutralizing antibodies during human immunodeficiency virus type 1 infection. J.
Virol. 83, 757–769 (2009).

19. Krogsgaard, M. et al. Agonist/endogenous peptide-MHC heterodimers drive T cell
activation and sensitivity. Nature 434, 238–243 (2005).

20. Haynes, B. F. et al. Cardiolipin polyspecific autoreactivity in two broadly
neutralizing HIV-1 antibodies. Science 308, 1906–1908 (2005).

21. Yurasov, S. et al. Defective B cell tolerance checkpoints in systemic lupus
erythematosus. J. Exp. Med. 201, 703–711 (2005).

22. Jay, J. I.et al.Modulation of viscoelasticity and HIV transport as a function ofpH ina
reversibly crosslinked hydrogel. Adv. Funct. Mater. 19, 2969–2977 (2009).

23. Buchacher, A. et al. Generation of human monoclonal antibodies against HIV-1
proteins; electrofusion and Epstein-Barr virus transformation for peripheral blood
lymphocyte immortalization. AIDS Res. Hum. Retroviruses 10, 359–369 (1994).

24. Burton, D. R. et al. A large array of human monoclonal antibodies to type 1 human
immunodeficiency virus from combinatorial libraries of asymptomatic
seropositive individuals. Proc. Natl Acad. Sci. USA 88, 10134–10137 (1991).

25. Muster, T. et al. A conserved neutralizing epitope on gp41 of human
immunodeficiency virus type 1. J. Virol. 67, 6642–6647 (1993).

26. Trkola, A. et al. Human monoclonal antibody 2G12 defines a distinctive
neutralization epitope on the gp120 glycoprotein of human immunodeficiency
virus type 1. J. Virol. 70, 1100–1108 (1996).

27. Meffre, E. et al. Surrogate light chain expressing human peripheral B cells produce
self-reactive antibodies. J. Exp. Med. 199, 145–150 (2004).

28. Tiller, T. et al. Efficient generation of monoclonal antibodies from single human B
cells by single cell RT-PCR and expression vector cloning. J. Immunol. Methods
329, 112–124 (2008).

Supplementary Information is linked to the online version of the paper at
www.nature.com/nature.

Acknowledgements We thank J. R. Mascola and R. T. Wyatt for discussion and
supplying gp140 and gp120 proteins. This research was supported by the Rockefeller
University, the National Institutes of Health (NIH 1 PO1 AI081677), the International
AIDSVaccine Initiative and the Bill and Melinda Gates Foundation. T.J.H.was supported
by the National Institutes of Health (R01 AI047770). M.J.Z. and H.W. were supported by
the German Research Foundation (GRK1121). B.D.W. and M.C.N. are Howard Hughes
Medical Institute investigators.

Author Contributions H.M., J.F.S., H.W. and M.C.N. conceived the general ideas for this
study. H.M. and M.C.N. designed the experiments. M.J.Z., S.S., J.P., T.H. and H.W.
generated and provided reagents. H.M., J.F.S., M.K., R.G.O. and M.S.S. performed the
experiments. M.N.A., H.N.E. and A.K.C. developed the mathematical model for data
analysis. M.C., F.P., B.D.W. and D.D.H. recruited the study patients. H.M., J.F.S., M.K.,
R.G.O., M.N.A., H.N.E., A.K.C. and M.C.N. analysed the data. H.M., J.F.S., J.V.R., H.W. and
M.C.N. wrote the manuscript and all authors provided editorial input.

Author Information Reprints and permissions information is available at
www.nature.com/reprints. The authors declare no competing financial interests.
Readers are welcome to comment on the online version of this article at
www.nature.com/nature. Correspondence and requests for materials should be
addressed to M.C.N. (nussenzweig@rockefeller.edu).

LETTER RESEARCH

3 0 S E P T E M B E R 2 0 1 0 | V O L 4 6 7 | N A T U R E | 5 9 5

Macmillan Publishers Limited. All rights reserved©2010

www.nature.com/nature


METHODS
Antibodies. Anti-gp140 and control antibodies were produced from peripheral
blood IgG memory B cells isolated from six HIV-infected patients as described5,29.
Twenty randomly selected anti-gp140 antibodies were reverted to their germline
sequence by PCR and expressed as previously described7,28.
Fabs. Fab fragments were produced from mutated and reverted anti-gp140 IgG
antibodies by papain digestion using Fab preparation kit (Pierce). Their purity was
checked on R-250 blue-stained 4–12% NuPAGE gel (Invitrogen).
Serum IgGs. IgGs were isolated from serum from HIV, and from patients with
systemic lupus erythematosus and healthy humans5,21 using Protein G sepharose
beads (GE Healthcare) according to the manufacturer’s instructions.
ELISAs. Antibodies and serum IgGs were tested for polyreactivity, cardiolipin,
HEp-2 cell, KLH (Sigma), gp140 and gp120 reactivity by ELISA as previously
described4,21. Antibodies were considered polyreactive when they recognized at
least two structurally different antigens out of the four tested: single-stranded
DNA, double-stranded DNA, insulin and lipopolysaccharide4. Threshold values
for reactivity were determined by using control antibodies mGO53 (negative),
eiJB40 (low positive) and ED38 (high positive) for polyreactivity ELISAs. The
polyreactive ELISA used to detect antibody binding to various antigens is a sensible
assay that cannot allow an absolute measurement of antibody affinities to the
substances tested. Additional positive and negative control sera for HEp-2 reactivity
were used as per manufacturer’s suggestion (INOVA Diagnostics)4,27.
Competition ELISA. High-binding ELISA plates (Costar) were coated with low-
and high-density gp120 at a concentration of 0.5mg ml21 and 5mg ml21, respectively.
Plates were blocked with 2% BSA-0.05% Tween 20-1 mM EDTA-PBS and incubated
for 2 h with IgG antibodies at 1mg ml21 in 1:2 serially diluted KLH-containing PBS
(with a KLH concentration from 0.09 to 5.55mM). Plates were developed as previ-
ously described4,21. Data shown are representative for at least three independent
experiments.
Neutralization assay. Virus neutralization was measured using a TZM-bl cell
assay as previously described5.
Liposomes. HIV-mimic liposomes were produced by mixing 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine
(POPS), brain sphingomyelin and cholesterol dissolved in chloroform (Avanti
Polar Lipids) at a molar ratio of 9.35:19.25:8.25:18.15:45.00 (ref. 30). The mixture
was dried in the fume hood under a gentle stream of nitrogen and then by a high
vacuum overnight. The lipid pellet was suspended in PBS above the transition
temperature for 1 h by vigorous mixing and five repeated freeze/thaw cycles. The
suspension was sonicated in a sonicator bath (two cycles of 15 min with a 10-s pulse
and a 15-s pulse-off) and passed through a 100-nm polycarbonate membrane (15
times) using a mini-extruder (Avanti Polar Lipids). Before SPR experiments, the
liposome suspension was sonicated again (one cycle as described above) above the
transition temperature.
Surface plasmon resonance. All experiments were performed with a Biacore
T100 (Biacore) in HBS-EP1 running buffer (Biacore) at 25 uC. Samples were
analysed in kinetic experiments performed at least in duplicate. KLH, YU-2
gp120 and IgGs were immobilized on CM5 chips (Biacore) by amine coupling
at pH 4.5. The concentration of gp120 was 0.0125 mg ml21 or 0.125 mg ml21 for
low and high immobilization levels resulting in 100 RU and 10,000 RU, respectively.
KLH was immobilized at 0.25 mg ml21, resulting in 15,000 RU for high-density
KLH surface. For the mixed surface, gp120 was at 0.0125 mg ml21 and KLH at
0.25 mg ml21 KLH, resulting in a total immobilization level of 15,000 RU. IgGs were
immobilized at 0.1 mg ml21, resulting in 5,000 RU. For kinetic measurements on
the gp120- and KLH-derivatized chips, IgGs or Fabs were injected through flow
cells in at least five different concentrations (1,379 nM, 689.7 nM, 344.8 nM,
172.4 nM, 86.21 nM, 43.1 nM, 21.55 nM, 10.78 nM for IgGs, and 1000 nM,
500 nM, 250 nM, 125 nM, 62.5 nM for Fabs) in HBS-EP1 running buffer
(Biacore) at flow rates of 100ml min21 with 2-min association and 5-min dissoci-
ation. For the HIV-binding analyses on the IgG-immobilized surfaces, purified BaL
virus22 was injected through flow cells at a p24 concentration of 78.1 nM (with four
successive 1:2 dilutions) in HBS-EP1 running buffer at a flow rate of 40ml min21

with 2 min association and 5 min dissociation. The purified gp120 at 43.10 nM used
as control and liposomes at 1,333mg min21 (with four successive 1:2 dilutions) were
injected through flow cells under the same conditions. Competition experiments for
BaL virus binding to the IgG-immobilized surfaces using liposomes were performed
using the same experimental settings as for the BaL virus binding analyses except
that increasing concentrations of liposomes (from 20.8 to 1333mg ml21) were
mixed with the purified virus (p24 at 78.1 nM). The sensor surface was regenerated
between each experiment with a 30-s injection of 10 mM glycine-HCl pH 2.5 at a
flow rate of 50ml min21. Off rate (kd (s21)), on rate (ka (M21 s21 and RU21 s21 for
bivalent binding ka2)) and binding constants (KD (M) or KA (M21 and RU21 for
bivalent binding KA2)) were calculated after subtraction of backgrounds (binding to
a control flow cell and signal of the HBS-EP1 running buffer) using Biacore T100
Evaluation software using the kinetic analysis and the bivalent model (IgGs on high-
density gp120 and KLH surfaces), 1:1 binding model (IgGs and Fabs on low-density
gp120 surface) or heterogeneous model (IgGs on mixed surface). The KA1 value was
used as an estimation of apparent KA (KA

app) because KA1 represents most of the
binding31. KD of the Fab binding to KLH and gp120/KLH mixed surfaces were
determined by Scatchard analysis using nonlinear regression (one-site binding
model). The relative immobilization level of gp120 on the mixed versus low-density
gp120 surfaces was estimated by the specific binding of the non-polyreactive anti-
gp120 1-863 antibody to gp120 ligand on both chips. Maximal binding capacity
(Bmax) of 1-863 to each surface was determined by Scatchard linear plotting, and the
relative immobilization level of gp120 protein on the mixed surface was given by the
Bmax ratio ((Bmax low gp120/high KLH / Bmax low gp120) 3 100) (Supplementary
Fig. 8). Fold increase attributed to heteroligation was calculated using the following
formula: KA

app mixed low gp120/high KLH / (KA
app KLH 1 KA

app low gp120). To
compare the antibody affinities to BaL virus, we calculated a relative KA (KA

rel BaL)
using an arbitrary concentration of 100 nM of virus for 43.1 mM of p24 protein. For
the analysis of the gp120 binding (secondary binding) to the IgG antibodies bound
to gp120 immobilized on the low- and high-density chips (100 and 10,000 RU,
respectively) (primary binding), the antibodies were injected through flow cells
(IgG concentrations indicated above) in HBS-EP1 running buffer at flow rates
of 30ml min21 with 2-min association and 160-s dissociation. Purified YU-2 gp120
(at a final concentration of 450 nM) was then injected in HBS-EP1 running buffer
at a flow rate of 30ml min21 with 2-min association. The sensor surface was
regenerated as described above.
HIV-binding antibody assays. BaL and GFP–Gag-labelled BaL viruses were
produced, purified and concentrated at 2–2.5mg ml21 of p24 protein as previously
described22. BaL-strain-coated ELISA plates were incubated with IgG and Fab at
1.5mM and four consecutive 1:2 dilutions. IgG and Fab bindings were detected
with peroxydase-conjugated goat anti-human IgG F(ab9)2 antibodies (Jackson
ImmunoResearch).

Using an HIV bead-based flow cytometry assay, varying concentrations of
YU2-gp120 and KLH were used to compete for the antibody binding (IgG con-
centration of 25 nM) to GFP–Gag BaL virus. GFP–HIV-antibody complexes
bound to human IgG1 capture beads (BD Pharmingen) were detected by GFP
fluorescence emission using a FACS Calibur flow cytometer (Becton Dickinson).
Relative mean fluorescence index was calculated by dividing the sample mean
fluorescence index by the mean fluorescence index given by negative control
mGO53. Data shown are representative for at least two independent experiments.
Statistics. P values for Ig gene repertoire analyses, analysis of lengths, positive
charges, hydropathy of IgH CDR3 and antibody reactivity were calculated by 2 3 2
or 2 3 5 Fisher’s exact test. Polyreactivity and anti-cardiolipin ELISA OD405 nm

values and off-target reactivity were compared using Spearman’s correlation
test.

29. Scheid, J. F. et al. A method for identification of HIV gp140 binding memory B cells
in human blood. J. Immunol. Methods 343, 65–67 (2009).

30. Alam, S. M. et al. Role of HIV membrane in neutralization by two broadly
neutralizing antibodies. Proc. Natl Acad. Sci. USA 107, 5972–5977 (2010).

31. Cheskis, B. & Freedman, L. P. Modulation of nuclear receptor interactions by
ligands: kinetic analysis using surface plasmon resonance. Biochemistry 35,
3309–3318 (1996).
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Clinical efficacy of a RAF inhibitor needs broad target
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B-RAF is the most frequently mutated protein kinase in human
cancers1. The finding that oncogenic mutations in BRAF are com-
mon in melanoma2, followed by the demonstration that these
tumours are dependent on the RAF/MEK/ERK pathway3, offered
hope that inhibition of B-RAF kinase activity could benefit mela-
noma patients. Herein, we describe the structure-guided discovery
of PLX4032 (RG7204), a potent inhibitor of oncogenic B-RAF
kinase activity. Preclinical experiments demonstrated that
PLX4032 selectively blocked the RAF/MEK/ERK pathway in
BRAF mutant cells and caused regression of BRAF mutant xeno-
grafts4. Toxicology studies confirmed a wide safety margin consist-
ent with the high degree of selectivity, enabling Phase 1 clinical
trials using a crystalline formulation of PLX4032 (ref. 5). In a
subset of melanoma patients, pathway inhibition was monitored
in paired biopsy specimens collected before treatment initiation
and following two weeks of treatment. This analysis revealed sub-
stantial inhibition of ERK phosphorylation, yet clinical evaluation
did not show tumour regressions. At higher drug exposures
afforded by a new amorphous drug formulation4,5, greater than
80% inhibition of ERK phosphorylation in the tumours of patients
correlated with clinical response. Indeed, the Phase 1 clinical data
revealed a remarkably high 81% response rate in metastatic mela-
noma patients treated at an oral dose of 960 mg twice daily5. These
data demonstrate that BRAF-mutant melanomas are highly
dependent on B-RAF kinase activity.

PLX4032 belongs to a family of mutant B-RAF kinase inhibitors
discovered using a scaffold-based drug design approach6. The crystal-
lography-guided approach allowed optimization of a compound with
modest preference for the mutated form of B-RAF (B-RAF(V600E)) in
comparison to wild-type B-RAF. Supplementary Table 1 summarizes
the differential ability for PLX4032 to inhibit the activity of over 200
kinases. PLX4032 displays similar potency for B-RAF(V600E) (31 nM)
and c-RAF-1 (48 nM) and selectivity against many other kinases,
including wild-type B-RAF (100 nM). Whereas the vast majority of
kinases are minimally affected, several were found that were also inhib-
ited at ,100 nM concentrations in biochemical assays; to date, inhibi-
tion of these non-RAF kinases such as ACK1 (also known as TNK2),
KHS1 (also known as MAP4K5) and SRMS has not been tested in
cellular assays. As previously demonstrated for the related B-RAF inhib-
itor PLX4720 (ref. 6), the biochemical selectivity of PLX4032 translates
to cellular selectivity: potent inhibition of ERK phosphorylation and cell
proliferation occurs exclusively in BRAF-mutant cell lines4.

PLX4032 was co-crystallized with a protein construct that contained
the kinase domain of B-RAF(V600E). PLX4032 (Fig. 1a) binds in the
active site of one of the protomers in the non-crystallographic-symmetry

related dimer (Fig. 1). As previously described for the related RAF
inhibitor PLX4720 (PDB ID: 3C4C)6, the PLX4032-bound protomer
adopts the DFG-in conformation to enable the formation of a unique
hydrogen bond between the backbone NH of Asp 594 and the sulfo-
namide nitrogen of PLX4032 (Fig. 1b). In addition, PLX4032-binding
causes an outward shift in the regulatory aC helix, which may explain
why the effect of PLX4720 and PLX4032 on RAF dimerization is in
stark contrast to other RAF inhibitors such as AZD-628 and GDC-
0879 (Fig. 1c)7. The apo-protomer displays the DFG-in conformation
with the activation loop locked away from the ATP-binding site by a
salt-bridge between Glu 600 and Lys 507 (Fig. 1d).

In BRAF(V600E)-mutant xenograft studies, PLX4032 demonstrated
dose-dependent inhibition of tumour growth, with higher exposures
resulting in tumour regression (Fig. 2a and ref. 4). Efficacy could be
demonstrated in cell lines and xenografts bearing either homozygous
or heterozygous BRAF mutations. By contrast, no effect was observed
on melanoma xenograft growth if both BRAF alleles were wild-type4,6.
Due to their consistent pharmacokinetics in rodents, PLX4032 and
PLX4720 were prioritized over a panel of related compounds that all
had similar activities in vitro and in vivo. For further drug develop-
ment, PLX4032 was chosen (over PLX4720) because its pharmacoki-
netic properties scaled more favourably in beagle dogs and
cynomolgus monkeys.

In order to estimate PLX4032 exposures (as defined by AUC0–24, the
area under the plasma concentration time curve over the dosing period
of 24 h) that correlated with tumour response, conventionally formu-
lated daily oral doses of PLX4032 were administered in the
BRAF(V600E)-bearing colorectal cancer COLO205 xenograft model.
In this model, tumour growth inhibition was modest at 6 mg kg21

(AUC0–24 , 50mM h), tumour stabilization was seen at 20 mg kg21 once
daily (QD) (AUC0–24 , 200mM h), and significant tumour regressions
were observed at 20 mg kg21 twice daily (BID) (AUC0–24 , 300mM h).
BRAF(V600E)-bearing melanoma xenograft models, including NCI-
LOX and COLO829 are also sensitive to PLX4032 (ref. 4).

Rats and beagle dogs were dosed for 28 days with increasing doses
up to 1,000 mg kg21 day21, and no toxicity was detected at any dose
level. Likewise, no adverse effects were detected in a standard battery of
safety pharmacology studies. Subsequent toxicology studies of longer
duration, 26 weeks in rats and 13 weeks in dogs, further confirmed the
tolerability of the compound. This safety profile was achieved in spite
of very high compound exposures, reaching 2,600mM h in rats and
820mM h in dogs. The rat exposures exceeded those that were effective
in patients (see below). Importantly, no histological changes were
observed in the skin in any animal at any dose or duration of treatment,
contrasting to results observed with other RAF inhibitors7.

1Plexxikon Inc., 91 Bolivar Drive, Berkeley, California 94710, USA. 2Yale University, 333 Cedar Street, New Haven, Connecticut 06520, USA. 3Roche Pharmaceuticals, 340 Kingsland Street, Nutley, New
Jersey 07110, USA. 4Departments of Medicine and Pathology and Laboratory Medicine, AbramsonCancer Center, University of Pennsylvania, 421 Curie Boulevard, Philadelphia, Pennsylvania 19104, USA.
5Vanderbilt University, 2220 Pierce Avenue, 777 PRB, Nashville, Tennessee 37232, USA. 6The University of Texas M. D. Anderson Cancer Center, 1515 Holcombe Boulevard, Houston, Texas 77030, USA.
7University of California, Los Angeles, 100 UCLA Medical Plaza, Los Angeles, California 90095, USA. 8Peter MacCallum Cancer Centre, St Andrews Place, East Melbourne 3002, Australia. 9Memorial Sloan
Kettering Cancer Center, 1275 York Avenue, New York, New York 10065, USA. {Present address: Massachusetts General Hospital Cancer Center, Boston, MA 02114, USA.
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PLX4032’s performance in these preclinical toxicology studies pro-
vided the necessary safety data to support initiation of Phase 1 clinical
testing in cancer patients. Clinical and pharmacokinetic results from this
Phase 1 study have been reported recently5. In the initial stage of the
Phase 1 study, cohorts of patients with advanced solid tumours were
treated with escalating doses of PLX4032 (ranging from 200 to
1,600 mg), administered twice-daily (BID) as oral capsules. The initial
crystalline formulation yielded modest drug exposures, so PLX4032 was
reformulated as a micro-precipitated bulk powder (MBP), and doses
ranging from 160 to 1,120 mg BID were sequentially evaluated.
Preclinical experiments in mice (Fig. 2b and ref. 4) and dogs demon-
strated that the MBP formulation substantially increased drug bioavail-
ability, an approximately tenfold improvement. This improved
bioavailability was also observed in patients, with mean exposures at a
160 mg BID dose of the MBP formulation (day 15 AUC0–24 5185mM h)
similar to a 1,600 mg BID dose of the original formulation (day 15
AUC0–24 5 203mM h).

During the dose-escalation stage of the Phase 1 trial, 21 patients with
metastatic melanoma, 16 with and 5 without BRAF-mutations, were
treated at doses that achieved AUC0–24 . 300mM h (ref. 5). Tumour
dimensions were measured by computed tomography (CT). Ten
patients with BRAF-mutant melanoma achieved tumour regressions
qualifying as partial responses (PR, by response evaluation criteria in
solid tumours (RECIST 1.0), .30% reduction in tumour dimensions)
and one patient had a complete response (CR); none of the patients
with melanomas lacking BRAF mutations achieved PR. These data
along with preclinical evidence of selectivity for BRAF-mutant cell
lines strongly justified limiting all further enrolment to patients with
BRAF-mutant tumours. Dose-limiting toxicities detected at the
1,120 mg BID dose included fatigue, rash and joint pain5. Therefore,
960-mg BID was identified as the maximum tolerated dose (MTD),
and subsequently a cohort of 32 patients with BRAF-mutant mela-
noma was enrolled at the MTD in an extension of the Phase 1 study.

At the 960-mg BID dose, the steady state PLX4032 concentration
was 86mM and the AUC0–24 was 1,741mM h; the half-life was esti-
mated to be 50 h (ref. 5). Out of the 32 patients treated at this dose, 24
experienced tumour regressions qualifying as PRs and two patients
had CRs. BRAF(V600E) mutation status was assessed by a real-time
polymerase chain reaction (PCR) assay as described in Methods5,8, and
many of the samples were sequenced for verification of the PCR result.
The reliability of the PCR assay is currently being assessed in concur-
rent Phase 2 and Phase 3 trials. The BRAF(V600E) allele was detected
by the PCR assay in 46 of the 48 BRAF-positive patients described
above. Interestingly, subsequent sequencing revealed that tumours
from the two patients lacking the BRAF(V600E) mutation were found
to carry the BRAF(V600K) mutation and were among the better
responders (71% and 100% reduction in tumour dimensions); an
additional BRAF(V600K) response has been recently published9.

During the dose escalation stage of the study, a cohort of patients had
paired tumour biopsies to evaluate pathway inhibition, the first taken
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Figure 1 | Three-dimensional structure of PLX4032 binding to B-
RAF(V600E). a, Chemical structure of PLX4032. b, Structure highlights the
interactions of azaindole with the kinase hinge and the sulfonamide with the
DFG loop, with F595 rendered in balls and other key protein residues shown as
sticks. c, Structure of the asymmetric dimer of B-RAF(V600E) is shown with
the PLX4032-protomer bound to PLX4032 coloured yellow (consistent with
b). The surface outline of the other protomer (blue) is shown lightly shaded.
Highlighted residues are R509 to reflect its role in anchoring the dimer and
F595 to show that both protomers are in the DFG-in state. The ac-helix shown
in magenta is overlaid on the PLX4032-bound protomer to show its typical
configuration in an unoccupied protomer; the binding of PLX4032 causes a
shift of the ac-helix as noted by the arrow. d, Magnified view of the salt bridge
between Lys 507 and Glu 600 that helps prevent compound binding to the apo
protomer.
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Figure 2 | Effect of PLX4032 on COLO205 xenograft tumour growth.
Tumour volume measurements of mice treated by oral gavage with the
indicated doses of PLX4032 or vehicle (n 5 10 for all groups, error bars indicate
standard error) are shown. a, Administration in conventional formulation
occurred daily. Exposures measured on day 7 are shown. At the 6, 20 and 20
BID doses, 1/10, 1/10 and 8/10 animals achieved CR, respectively.
b, Administration in the MBP formulation occurred twice daily. At the
25 mg kg21 BID dose (blue), 7/10 animals achieved CR and 3/10 animals
achieved PR; at the 75 mg kg21 BID dose (red), all animals achieved CR.
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before initiation of PLX4032 treatment and the second taken after
14 days of PLX4032 treatment. This paired-biopsy cohort of patients
captured a wide inter-patient range of steady state PLX4032 exposures.
In addition to expected inter-patient variability in drug clearance, these
patients were treated at different doses and with the two different for-
mulations (one crystalline and one amorphous). To monitor ERK path-
way activity, phosphorylated-ERK (pERK) levels were determined by
immunohistochemistry (IHC), both in the nucleus and in the cyto-
plasm. To monitor proliferation, Ki67 levels also were measured.

As shown in Supplementary Table 2, levels of pERK and Ki67 were
decreased in most biopsies following 2 weeks of dosing with PLX4032,
even in patients with modest drug exposure. Patients exposed to plasma
levels of PLX4032 less than 300mM h experienced no measurable
decreases in tumour burden. In contrast, patients exposed to higher
plasma levels of PLX4032 experienced tumour regression, often achiev-
ing PRs as defined by RECIST criteria (Supplementary Table 2).
Representative pictures illustrating decreases in ERK phosphorylation
and Ki67 are shown in Fig. 3a and b. Interestingly, decreases in cyto-
plasmic pERK correlated well with tumour response (Fig. 3c), whereas
changes in nuclear pERK correlated poorly (Fig. 3d). In general, nuclear
pERK was more sensitive to compound levels than cytoplasmic pERK,
consistent with the idea that nuclear ERK responds very quickly to
phosphorylation/dephosphorylation events, whereas cytoplasmic ERK
phospho-events are buffered by the many cytoplasmic scaffolding pro-
teins. As further evidenced in Supplementary Table 2, the improved
pathway inhibition and tumour responses correlate with higher plasma
drug exposures. In patients with tumour regressions, pathway analysis
typically showed greater than 80% inhibition of cytoplasmic ERK phos-
phorylation (Fig. 3c). This result indicates that near-complete inhibition
of ERK signalling may be needed for significant tumour response.

A growing body of literature shows that oncogenic BRAF is an
important stimulator of metabolic activity10,11, and in preclinical stud-
ies PLX4032 rapidly inhibits fluoro-deoxy-glucose (FDG) uptake spe-
cifically in BRAF(V600E) mutant melanoma cell lines12. Therefore,
FDG uptake in patients on the PLX4032 trial was assessed using posi-
tron emission tomography (PET) imaging before treatment and fol-
lowing 2 weeks of dosing. All of the assessable patients treated with
MBP-formulated PLX4032 experienced major reductions in FDG
uptake. Representative FDG-PET images are shown in Fig. 4.

Toxicities such as fatigue, rash and joint pain in the treated patients
are detailed separately5. Thirty-one percent of the patients treated at
the MTD developed skin lesions described as cutaneous squamous cell
carcinomas, keratoacanthoma type5. This apparent drug-induced effect
is of particular interest, because investigators studying three other RAF
inhibitors, sorafenib13–15, XL281 (ref. 16) and GSK2118436 (ref. 17)
also have noted these skin lesions in a subset of treated patients.
Although the occurrence of these treatment-emergent tumours war-
rants careful dermatological monitoring of patients during PLX4032
treatment, it should be noted that these lesions were resected, and no
patients discontinued PLX4032 due to this drug-induced effect5. These
skin lesions generally appear within a few months of treatment
initiation in sun-exposed areas of skin, suggesting that pre-existing
oncogenic mutations may potentiate the RAF inhibitor effects.

Recent publications suggest a potential mechanism that may in part
account for the keratinocyte proliferation noted in some patients on
study7,18,19. These reports follow up on prior descriptions of paradoxical
activation of the RAF/MEK/ERK pathway by RAF kinase inhibitors20–22.
Current evidence suggests that wild-type RAF kinase activity can be
activated by RAF dimerization23. RAF dimerization can be induced by
RAF inhibitors: binding to one protomer—while inhibiting the kinase
activity of that protomer—concurrently induces a conformational
switch in the partner protomer via an undefined allosteric mechanism
to activate RAF kinase activity7,19. This paradoxical activation occurs in
cells in which RAS is activated either by mutation or by some other
priming event. Modulation of RAF dimerization may not be the only
unexpected effect of RAF inhibitors, because multiple additional factors

are involved in both positive (for example, KSR, SRC, CNK (also known
as CNKSR)) and negative (for example, ERK), 14-3-3 (also known as
YWHAQ), DUSP, RKIP (also known as PEBP1), RASSF) regulation of
the RAF/MEK/ERK signalling pathway24,25.

The ability of PLX4032 to cause tumour regression in a large pro-
portion of patients with BRAF-mutant, advanced-stage, metastatic
melanoma provides strong support for the hypothesis that the onco-
genic B-RAF protein is a dominant driver of tumour growth and
maintenance. These results are particularly interesting in that the
BRAF mutation is likely an initiating event in melanoma tumorigen-
esis: the vast majority of benign nevi harbour the same BRAF(V600E)
mutation26. Our current understanding of melanocyte biology suggests
that the nevi are benign because the BRAF mutation alone (without
cooperating mutations) induces senescence27. Clinical evaluation of
sporadic nevi in patients treated at therapeutic doses revealed no effect
of PLX4032 on nevi progression or regression. Additional descriptions

pERK level change

(percentage decrease)

T
u
m

o
u
r 

re
s
p

o
n
s
e

(p
e
rc

e
n
ta

g
e
 d

e
c
re

a
s
e
)

pERK level change

(percentage decrease)

R2 = 0.79

–60

–40

–20

0

20

40

60

80

100

–20 0 20 40 60 80 100

R2 = 0.023

–60

–40

–20

0

20

40

60

80

100

20 40 60 80 100

pERK (cytoplasm) pERK (nucleus)

c d

pERK

Ki67

H&E

Baseline Day 15

pERK

Ki67

Baseline Day 15a

b

Figure 3 | Semi-quantitative immunohistochemistry (IHC) in paired
tumour biopsies. Matched baseline and day 15 tumour samples are at the same
magnification; the scale bar is 70mm. a, Representative IHC for Ki67 and pERK
staining is shown for patient 12. b, Representative IHC for Ki67, pERK and
H&E (haematoxylin and eosin) staining is shown for patient 42. The arrow
indicates tumour breakdown with macrophages engulfing the released melanin
in the day 15 sample. c, Summary graph showing correlation of reduction in
cytoplasmic pERK with tumour responses (data from Supplementary Table 2).
d, Summary graph indicating weak correlation of reduction in nuclear pERK
with tumour responses.
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of PLX4032 kinase selectivity, PLX4032 structure, and clinical phar-
macokinetics and efficacy are included in Supplementary Information.

The durability of response to PLX4032 is still under evaluation.
Median progression-free survival (PFS) in the Phase 1 extension
cohort has not been reached but is currently estimated to be at least
7 months5. Although this compares rather favourably with a PFS of less
than 2 months in historical analysis of large numbers of advanced
melanoma patients28, tumour re-growth occurs in many of the patients
and the mechanisms of resistance are currently under investigation.
Therefore, improved durability of response will be an important goal
of further clinical trials. One potential strategy to meet this goal is to
combine PLX4032 with other targeted agents, immunotherapy or
chemotherapy. With a promising safety and efficacy profile,
PLX4032 has the potential to anchor such combination treatments,
and may thereby offer further improved treatment options for BRAF-
mutant melanoma patients.

METHODS SUMMARY
PLX4032 was synthesized using the general procedures described previously6.
Expression and purification of B-RAF, structure determination, protein kinase
activity measurements and xenograft studies were carried out as described prev-
iously6. Clinical methods have also been described recently5. Melanoma patients
were selected for study using previously described TaqMan methodology8. Semi-
quantitative immunohistochemistry for pERK and Ki67 was performed on 5-mm-
thick formalin-fixed paraffin-embedded tumour biopsies following haematoxylin
and eosin staining to determine pathologic diagnosis and tissue morphology and
integrity. The degree of phospho-ERK staining in the nucleus and cytoplasm was
interpreted semi-quantitatively by assessing the intensity and extent of staining on
the slides. For Ki67 staining, the percentage of positive cells was determined.
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Figure 4 | Representative PET scans for patients taken pre-dose and
following 2 weeks of dosing with PLX4032. Each of these image pairs
demonstrates significant reduction in FDG uptake following PLX4032
treatment. Note that tumour regressions were later documented for each of
these patients: best responses were 70% for patient 45, 70% for patient 59, 68%
for patient 61 and 37% for patient 69.
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Selectivity mechanism of the nuclear pore complex
characterized by single cargo tracking
Alan R. Lowe1,2,3,6*, Jake J. Siegel2,4*, Petr Kalab5{, Merek Siu4{, Karsten Weis2,5 & Jan T. Liphardt1,2,3,4,6

The nuclear pore complex (NPC) mediates all exchange between
the cytoplasm and the nucleus. Small molecules can passively dif-
fuse through the NPC, whereas larger cargos require transport
receptors to translocate1. How the NPC facilitates the translocation
of transport receptor/cargo complexes remains unclear. To investi-
gate this process, we tracked single protein-functionalized
quantum dot cargos as they moved through human NPCs. Here
we show that import proceeds by successive substeps comprising
cargo capture, filtering and translocation, and release into the
nucleus. Most quantum dots are rejected at one of these steps
and return to the cytoplasm, including very large cargos that abort
at a size-selective barrier. Cargo movement in the central channel is
subdiffusive and cargos that can bind more transport receptors
diffuse more freely. Without Ran GTPase, a critical regulator of
transport directionality1, cargos still explore the entire NPC, but
have a markedly reduced probability of exit into the nucleus, sug-
gesting that NPC entry and exit steps are not equivalent and that
the pore is functionally asymmetric to importing cargos. The over-
all selectivity of the NPC seems to arise from the cumulative action
of multiple reversible substeps and a final irreversible exit step.

Receptors of the importin-b/karyopherin family use a steep RanGTP
gradient across the nuclear envelope to carry cargos directionally across
the NPC2. Unstructured phenylalanine-glycine repeat (FG-repeat) pro-
teins in the NPC are essential for its function, but how they contribute to
NPC selectivity is controversial. Contemporary NPC transport mod-
els1,3 include the ‘selective phase’4–6, ‘virtual gate’7, ‘dimensionality
reduction’8 and ‘polymer brush’9–11 models. In vitro studies suggest that
FG-repeat proteins may interact12 to form a ‘selective phase’ hydrogel4,5,
through which cargos possessing transport receptors selectively diffuse.
Alternatively, FG-proteins may act as an entropic brush9,10, forming an
occlusion that can be collapsed by transport receptors9–11. Current
transport models differ significantly with respect to the assumed
arrangement of the FG repeats, the physical basis for selectivity, and
the translocation dynamics.

We tracked single quantum dot (QD) cargos to discriminate among
these models and observe possible transport substeps. Previous single
molecule studies13–15 have begun to address transport mechanisms using
conventional fluorophores and small, rapidly translocating cargos, yield-
ing ,30-nm localization precisions and trajectories composed of tens of
data points. Unlike conventional fluorophores, QDs are sufficiently
bright to be localized with nanometre precision at millisecond temporal
resolution16. Extensive QD functionalization studies yielded a QD-based
cargo small enough to be imported into the nucleus when covalently
coupled to multiple copies of the importin-b binding (IBB) domain of
snurportin-1, the import receptor for m3G-capped snRNPs17,18 (Fig. 1a,
and Supplementary Information). Such QD-IBBs have a mean hydro-
dynamic diameter of 18 6 4 nm and can bind ,40 importin-bs, increas-
ing the diameter to 30 6 6 nm (Fig. 1b, Supplementary Information).
Although larger than single proteins, the size of our QD-IBB is similar to

biological substrates that translocate intact through the NPC, such as
ribosomal subunits, the parvovirus capsid, HIV reverse transcription
complex, and the human hepatitis B capsid19–22.

QD-IBB nuclear import was studied via an established in vitro
transport assay, using digitonin permeabilized HeLa cells23 in the pres-
ence of recombinant transport factors (importin-b, RanGDP (1GTP),
and NTF2, the RanGDP importer). QD import was specific to the
importin-b pathway: import required importin-b and RanGDP
(1GTP) and all interactions between the QD cargo and the NPC were
abolished when the IBB was replaced with the inert RNase S-peptide
(Supplementary Information).

Of 849 QD-IBB cargo trajectories, 177 featured successful import
(as judged by detection of rapid diffusion of the cargo into the nucleus

1Departmentof Physics,University of California, Berkeley, California94720,USA. 2QB3, University of California, Berkeley, California94720,USA. 3Bay Area Physical Sciences–Oncology Center, University of
California, Berkeley, California 94720, USA. 4Biophysics Graduate Group, University of California, Berkeley, California 94720, USA. 5Department of Molecular and Cellular Biology, University of California,
Berkeley, California 94720, USA. 6Physical Biosciences Division, Lawrence Berkeley National Laboratory, California 94720, USA. {Present addresses: Laboratory of Cellular and Molecular Biology, National
Cancer Institute, Bethesda, Maryland 20892, USA (P.K.); Illumina Inc., Hayward, California 94545, USA (M.S.).
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Figure 1 | Experimental design. a, Diagram of QD-based cargo. The
snurportin-1 IBB/Z-domain fusion protein is coupled via a bifunctional SMCC
crosslinker to the amino-PEG polymer coat of a fluorescent QD. The three helix
Z-domain acts as a spacer to correctly present the IBB for biological function.
Not to scale. b, Dynamic light scattering size distributions of QD-IBB cargos in
the presence and absence of importin-b. c, Dwell time distribution of all QD
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e, Individual consecutive frames from a single-molecule experiment showing
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at the end of the trajectory) and 672 aborted; these cargos interacted
with an NPC but ultimately returned to the cytoplasm (Fig. 1d,
Supplementary Information). Cargo dwell times varied widely (mini-
mum, 2 s; median, 34 s; maximum, 15 min). We analysed in detail 56
trajectories (mean length, 465 data points per trajectory) featuring high
precision and limited but non-zero blinking, indicating single QDs.
Our mean localization precision was 6 nm at 40 Hz. Trajectories were
rotated to a common transport axis, X, using the path of the nuclear
envelope determined by fitting the intensity profile of bright-field
images of the nuclear envelope. This approach was validated using a
fluorescent marker of the nuclear envelope (YFP–importin-b,
Supplementary Information). All 56 cargos ultimately entered a nar-
row channel within the NPC (Fig. 2a, green). As all successful import
trajectories transit this area we refer to it as the central channel, and use
this common feature as a fiducial to align the trajectories to one
another (Supplementary Information). We define 0 on the transport
axis as the cytoplasmic edge of the central channel, thus X is negative in
the cytoplasm, X 5 0 at the cytoplasmic edge of the central channel,
and X increases towards the nucleus (Fig. 2a, left).

Analysis of the 56 high precision trajectories revealed that some
cargos (9%) were confined for more than 500 ms before entering the
central channel (Fig. 2a, blue). The location of these cytoplasmic inter-
actions varied greatly among trajectories (up to ,50 nm into the cyto-
plasm or to the sides of the channel), corresponding to the position and
reach of the cytoplasmic filaments24. Similar confinement was also
seen at the end of some aborted trajectories, as the cargos left the inside
of the NPC and returned to the cytoplasm (Fig. 2a, red). The duration
and occurrence of these interactions suggests that both successful and
aborted QD-IBB cargos can dock to cytoplasmic filaments, but that
prolonged docking is not essential for entry into the central channel.

Once within the central channel, cargos displayed one of three beha-
viours. Some cargos aborted early along the transport axis (X , 30 nm),
some aborted late (X , 60 nm), and some entered the nucleus and then
diffused away from the NPC (Supplementary Information). The ‘early
aborts’ (20% of all cargos) explored an area of ,24 3 26 nm (Fig. 2b,
Supplementary Information). The ‘late aborts’ and the ‘successes’ (39%
and 41%, respectively) explored a larger area of ,253 38 nm (Fig. 2b–e).
Accounting for the cargo radius of 15 nm, the explorable area of the

central channel is thus 55 nm wide and 68 nm long. The early aborts
made only small displacements along the transport axis, whereas late
aborts and successes made large displacements, sometimes moving
repeatedly between the cytoplasmic and nuclear faces of the central
channel (Fig. 3a–d). Some late aborts and successes were initially con-
fined like early aborts, before escaping and exploring the remainder of
the channel (Fig. 3c). We speculated that this early confinement
resulted from a channel constriction, which we tested by increasing the
QD’s overall diameter to 41 6 9 nm (QDlarge-IBB, Supplementary
Information). Strikingly, with these larger cargos, the ‘early abort’ beha-
viour dominated, occurring in 59% of trajectories (versus 20% origin-
ally). Moreover, pauses between 0 , X , 30 nm became more frequent;
88% of cargos either aborted or paused at 0 , X , 30 nm (versus 43%
originally). Thus, making the cargo ,11 nm bigger reduces the overall
import probability, increases ‘early aborts’, and increases the occurrence
of pauses at 0 , X , 30 nm, all pointing to the presence of an internal
constriction (to ,40 nm) within the first 30 nm of the central channel.

One key difference among transport models is the predicted motion
of the cargo, ranging from directed to subdiffusive. Frame-to-frame
displacements of the QDs were largest at the entry and exit points and
smallest within the central channel (Supplementary Information). The
mean squared displacements (MSDs; Ær2(t)æ, where r is the distance and t
is the time) of the cargos in the channel obeyed a power law, Ær2æ / ta

with a , 1, indicating anomalous subdiffusion (Fig. 3e). Simple crowd-
ing reduces a equally in all directions, whereas anisotropic obstruction
(such as by a channel wall) reduces a for motion normal to the wall. We
find that inside the NPC, cargo motion in both directions is subdiffusive,
consistent with diffusion through a crowded environment, and also
anisotropic, consistent with diffusion through a channel. Cargos moved
significantly more freely along the transport axis (ajj5 0.19 6 0.01, Fig.
3f) than laterally (aH 5 0.09 6 0.01) (Supplementary Information). The
large back and forth movements along the transport axis (Fig. 3b, d) are
compatible with anomalous subdiffusion but incompatible with models
invoking directed movement25 during translocation.

A second key difference among transport models is the predicted
effect of receptor density on the ease with which cargos transit. More
IBBs (and hence importin-bs) per cargo could either facilitate passage
owing to greater solubility in the channel or hinder it owing to more
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Figure 2 | Examples of single-molecule trajectories and a functional map of
the NPC interior. a, Left, diagram of the NPC showing approximate sizes from
the literature. The QD-IBB cargo is shown as a red circle to scale. Middle and
right, three examples each of aborted and successful import trajectories (0.1-s
running mean filtered) and coloured according to substeps: docking events
(blue), motion in the central channel (green) and undocking (red). Raw,
unfiltered data of cargos showing rapid cargo exit into the nucleus are provided

as Supplementary Fig. 12. b, Contour maps of the density of found cargo
positions in the central channel for all successful imports, and for all aborted,
early aborts and late aborts. The contours are coloured according to the
normalized density of observations, with red representing the highest density of
found cargo positions and blue the lowest (see Supplementary Information for
details of trajectory alignment). c–e, Positional histograms along the transport
axis, for successful, early and late aborting cargos.
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discrete binding interactions with the NPC. We synthesized QDs with
a reduced IBB density by coating the QDs with a 1:1 mixture of IBB to
inert S-peptide (QD-S50%IBB50%, Supplementary Information) and
collected 43 high precision trajectories with this cargo. Remarkably,
these cargos have a significantly longer dwell time than the previously
described QD-IBB cargos (P , 0.05, Mann–Whitney test, Fig. 4b). The
increased overall dwell times arise predominantly from a slowing of
the cargo within the channel (P , 0.05, Mann–Whitney test, Fig. 4a, c).
The inverse relation between crossing time and receptor density argues
against models that balance entropic exclusions from the channel with
transient, but discrete, interactions between cargo and FG-repeats. In
such scenarios, cargos with more IBBs would take longer to cross
between the faces of the NPC. Indeed, cargos with tens of receptors
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Inset, import statistics with and without Ran. The presence of Ran significantly
increases the probability of successful import. f, Results summary. Cargos
arriving from the cytoplasm (white circles) may dock on the cytoplasmic
filaments or directly enter the NPC. Once inside the central channel, cargos
exhibit anomalous subdiffusion. There is a size selective constriction (blue)
within the first 30 nm of the channel. Efficient cargo exit into the nucleus
requires Ran (red bar). g, Probabilities of cargos being rejected versus position,
highlighting the sequence of steps in cargo translocation. Many cargos interact
with the cytoplasmic filaments, but most (75%) immediately rebound into the
cytoplasm. The remaining 25% interact with the NPC (grey box) for longer
times. Of those, 20% abort early owing to a size gate and 80% reach the central
channel. Once inside the channel, in the presence of Ran, 50% of cargos
ultimately enter the nucleus and the remaining 50% abort. h, In the absence of
Ran, cargos do not enter the nucleus (.99% abort) and return to the cytoplasm.
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on their surface, as is the case here, would be unlikely to ever transit the
NPC, as the diffusion constant (D) should decrease exponentially with
the number of binding sites, N (D / e2N; ref. 26). By contrast, the
finding that cargos with a higher receptor density translocate faster
agrees with models like the ‘selective phase’, which assert that cargos
with a greater solubility within the FG mesh diffuse more freely.

Last, we sought to determine where the Ran gradient is coupled to
cargo transport. Previous studies have shown that Ran is essential for
NPC translocation, and that abolishing the Ran/importin-b inter-
action prevents cargo exiting from the nuclear side of the NPC27,28,
but it is not known whether Ran affects cargo movement within the
central channel. We collected 37 high precision trajectories with the
QD-IBB cargo in a transport assay lacking Ran. Strikingly, the 2Ran
trajectories were indistinguishable from the 1Ran trajectories in all
aspects (including area explored, occurrence of early and late aborts,
details of movement within the channel), except that the probability of
cargo exit into the nucleus dropped dramatically from 20% to ,0.5%
(Fig. 4d, e). The absence of an effect on cargo motion within the
channel indicates that Ran acts exclusively at the nuclear face, regu-
lating the properties of the FG network or the cargo-receptor-FG
interactions to allow cargos to leave the central channel. The 6Ran
comparison also shows that the central channel is functionally asym-
metric; with and without Ran, a QD-IBB within the central channel is
more likely to return to the cytoplasm than enter the nucleus.

In our study, we have watched single large cargos being rejected or
imported by the NPC, revealing translocation substeps (Fig. 4f–h), as
follows. (1) The cytoplasmic filaments increase the capture area for
transport competent cargos, although lengthy cytoplasmic docking is
not essential. (2) Inside the channel, cargos encounter a size selective
barrier. (3) Transport competent cargos diffuse anomalously within
the central channel, with more free diffusion of cargos with higher
receptor density. (4) The central channel is functionally asymmetric.
Cargos in the central channel can return to the cytoplasm with and
without Ran, but Ran is needed for the cargo to transit efficiently from
the central channel into the nucleus. The mechanistic details of this
Ran-driven cargo exit step remain unclear and await further study.

The arrangement of transport substeps shown in Fig. 4f–h may be the
origin of the NPC’s import efficiency and specificity. The cascade of
reversible steps sequentially tests potential cargos for receptor presence,
cargo size and receptor density before the irreversible Ran-driven exit
step. As the early steps are reversible, unsuccessful cargos can vacate the
NPC and return to the cytoplasm, rather than accumulating within the
central channel. This mechanism, consisting of a cascade of reversible
pre-filters and a final irreversible exit step, may increase the overall
selectivity of facilitated nuclear import while possibly also increasing
efficiency, by rejecting most cargos early in the transport reaction.

METHODS SUMMARY
Amino PEG functionalized QDs, with an emission peak of 605 nm, were functio-
nalized with sulphosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carbox-
ylate, followed by reaction of the maleimide group with the free sulphydryl group
of the purified IBB/Z-domain protein. HeLa cells were permeabilized using digi-
tonin, and the QD-IBB cargos (50 pM) were introduced in a transport buffer
(20 mM HEPES, 110 mM KOAc, 5 mM NaOAc, 2 mM MgOAc, 2 mM DTT,
pH 7.3) containing 0.5 mM importin-b, 4 mM RanGDP, 1 mM NTF2 and
1 mM GTP. Single-molecule data were acquired with 25-ms time resolution using
a custom-built near-TIR (total internal reflection) microscope, incorporating a
1003 1.65 NA objective, 100-mW 532-nm continuous wave laser and an Andor
iXon1 camera. All measurements were taken at 20 uC.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Protein expression and purification. NTF2 was purchased from Sigma-Aldrich.
All other proteins were expressed and purified as described below. Escherichia coli
(BL21 DE3) were transformed with the appropriate plasmid and a small number
of colonies were picked from the plate into flasks containing 1 l of LB medium plus
the appropriate antibiotic. Biotinylated proteins were expressed in the presence of
biotin (stock: 100 mM biotin, pH 11; 1 ml per 1 l culture) and a biotin ligase. Cells
were grown at 37 uC to A600 of 0.6 and then induced with 0.5 mM IPTG overnight.
Cells were harvested by centrifugation at 5,000g at 4 uC for 15 min and the pellet
was resuspended in phosphate buffer (pH 7.4) containing 0.5 M NaCl, 20 mM
imidazole, 1 mM b-mercaptoethanol and protease inhibitors. Proteins were ini-
tially purified by Ni-NTA affinity chromatography, followed by size-exclusion
chromatography (Superdex 75, Amersham Pharmacia). Proteins were typically
dialysed into XB buffer (10 mM HEPES pH 7.7, 1 mM MgCl2, 100 mM KCl,
50 mM sucrose), flash frozen in liquid nitrogen and stored at 280 uC. Protein
purity was judged by SDS–PAGE, and concentrations determined by UV absor-
bance (using calculated extinction coefficients) or Bradford assays. Nucleotide
loading of Ran: the protein was incubated for 40 min on ice with 6 mM EDTA
and a 50-fold excess of nucleotide. The reaction was stopped with a final concen-
tration of 25 mM MgCl2, added slowly. The protein was then dialysed against
30 mM potassium phosphate pH 7.6, including 2 mM Mg acetate, 2 mM GDP,
7% glycerol and 2 mM b-mercaptoethanol, at 4 uC overnight.
Quantum dot functionalization and characterization. Amino PEG functiona-
lized QDs, with an emission peak of 605 nm, were acquired from Invitrogen. QD
functionalization efficiency varied from batch to batch. On receipt from the man-
ufacturer, QDs were analysed for size, coupling efficiency and traces of aggrega-
tion; about half of the batches were unsuitable and discarded. Good batches were
used within 4 weeks of purchase. A two-step conjugation reaction was used. QDs
were first coupled to sulphosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-
carboxylate (sulpho-SMCC) in standard PBS. Excess sulpho-SMCC was removed
via spin filtration. Activated QDs were coupled to cysteine-terminated recombin-
ant protein in PBS supplemented with 350 mM NaCl and 2 mM EDTA.
Uncoupled protein was removed by a second round of spin-filtration. Protein
functionalized quantum dots were used within 8 h of coupling. The mean hydro-
dynamic diameter of QD cargos was determined by dynamic light scattering
(DLS). DLS measurements were performed on a Malvern Zetasizer Nano. QD
cargos were diluted to a final concentration of 8–10 nM in transport buffer
(20 mM HEPES, 110 mM KOAc, 5 mM NaOAc, 2 mM MgOAc, 2 mM DTT,
pH 7.3) and filtered (0.1mm) to remove any aggregates. This concentration range
yielded the best quality of data as judged by the polydispersity index (PDI).
Measurements of the cargo in complex were performed in the presence of 3.8
or 1.0mM importin-b. Count rates were typically above 200 3103 counts per

second and multiple measurements were taken. Data were analysed using
Malvern software, using the Multiple Narrow Bands fitting algorithm and
Refractive Index and Absorption settings for proteins (RI 5 1.45, A 5 0.001).
Import assays. HeLa cells were cultured in DMEM media (Gibco) and plated on
glass bottomed (size 0 thickness) poly-lysine coated chambers (Mattek). Cells were
permeabilized as follows. The chambers were washed for 3 3 5 min with PBS
(137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 2 mM KH2PO4, pH 7.4), followed
by a 2 min wash with permeabilization buffer (50 mM HEPES, 50 mM KOAc,
8 mM MgCl2, pH 7.3), followed by a 10 min permeabilization with digitonin
(50 mg) in permeabilization buffer. Digitonin was subsequently removed by wash-
ing for 3 3 5 min with transport buffer. After the final wash, excess liquid was
wicked off and a transport mix containing the QD probe and the recombinant
import system was quickly added. Control experiments with fluorescently (FITC)
labelled dextrans (70 kDa) were used to confirm that the nuclear envelope
remained intact following digitonin permeabilization. The final transport mix
(100ml) contained 50 pM QD, 0.5mM importin b, 4mM RanGDP, 1mM NTF2
and 1 mM GTP in transport buffer. Once the transport mix had been added, the
chamber was allowed to settle before starting single-molecule data collection.
Single-molecule microscopy. The microscope was based on a Nikon TE-2000 total
internal reflection fluorescence (TIRF) microscope. A beam from a solid-state
continuous-wave laser (532 nm, 100 mW, Coherent Compass 315M-100) was
passed through a l/4 plate to circularly polarize the light, a beam expander to enlarge
the illumination area, and steered through free space to the microscope using a
gimbal mirror mounted on a translation stage. The beam was focused on the back
focal plane of a high-NA objective (Apo 1003 NA 1.65, Olympus). The illumination
beam was angled at just above the critical angle for TIR, passing at a shallow angle
through the cells. This configuration allows high signal to noise movies to be
recorded at a greater depth into the sample than conventional TIRF. Typical power
at the objective was 10 mW. A micrometer stage (Semprex) with piezo controlled
nanopositioner (Mad City Labs) was used to position the cells. Movies were captured
using a cooled electron multiplying CCD camera (Andor iXon1) running at 40 Hz
at 278 uC. All instrumentation was controlled using custom C11 code. Image
scaling was determined using a stage micrometer (SPI; 10mm divisions), yielding
a single pixel dimension of 144.53 144.5 nm. We experimentally determined the
localization precision by immobilizing QDs on a glass coverslip and imaging the
particles over time. The mean localization precision for our experiment is 6 nm, with
a practical range for the data set of 5–8 nm. We quantified drift of the sample/stage
by tracking 40 nm and 100 nm gold nanoparticles immobilized onto the same
poly-lysine coated glass Mattek chambers used for import experiments. The mean
drift rate in our temperature-stabilized room was 11 nm min21 (1.8 Å s21).
Image and data analysis. All data were analysed using custom written code in
MATLAB/C11 as described in the Supplementary Information.
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In vivo imaging of labelled endogenous b-actin
mRNA during nucleocytoplasmic transport
David Grünwald1,2 & Robert H. Singer2

Export of messenger RNA occurs via nuclear pores, which are large
nanomachines with diameters of roughly 120 nm that are the only
link between the nucleus and cytoplasm1. Hence, mRNA export
occurs over distances smaller than the optical resolution of con-
ventional light microscopes. There is extensive knowledge on the
physical structure and composition of the nuclear pore complex2–7,
but transport selectivity and the dynamics of mRNA export at
nuclear pores remain unknown8. Here we developed a super-regis-
tration approach using fluorescence microscopy that can overcome
the current limitations of co-localization by means of measuring
intermolecular distances of chromatically different fluorescent
molecules with nanometre precision. With this method we achieve
20-ms time-precision and at least 26-nm spatial precision, enabling
the capture of highly transient interactions in living cells. Using
this approach we were able to spatially resolve the kinetics of
mRNA transport in mammalian cells and present a three-step
model consisting of docking (80 ms), transport (5–20 ms) and
release (80 ms), totalling 180 6 10 ms. Notably, the translocation
through the channel was not the rate-limiting step, mRNAs can
move bi-directionally in the pore complex and not all pores are
equally active.

We generated a stable cell line, derived from a transgenic mouse,
where all b-actin mRNA is labelled by yellow fluorescent protein
(YFP) fused to a MS2 protein tag9,10 (Methods and Supplementary
Figs 1 and 2). b-Actin is an essential gene and the mRNA transcript
has an estimated size of less than 25 nm, being diffraction limited even
if the MS2 sequence should be extended (Supplementary
Information). To ensure sufficient labelling of mRNAs at low express-
ion levels of MS2 protein, we enriched the tag in the nucleus by adding
a nuclear localization signal which does not interfere with mRNA
export (Methods, Supplementary Information and Supplementary
Fig. 3). To allow simultaneous imaging of mRNAs and nuclear pore
complexes (NPCs), POM121 was labelled with tandem Tomato
(tdTomato; Supplementary Fig. 1). POM121 exists in at least eight
copies per NPC and is part of the NPC scaffold11,12. Using a high
numerical aperture objective, single NPCs in the equatorial plane of
the nucleus were resolved and showed a distribution of the number of
labelled POM121 per NPC (Supplementary Information and
Supplementary Fig. 4). We simultaneously took high-speed movies
of NPCs and mRNAs using their distinct fluorescence tags on two
precisely registered cameras (Fig. 1, Supplementary Information and
Supplementary Fig. 1c). Rapid imaging was possible because amp-
lification of the transcribed MS2 motif led to excellent signal-to-noise
ratios for mRNAs (Fig. 1 and Supplementary Fig. 5), even in cells
expressing only low levels of the MS2–YFP tag (Fig. 1,
Supplementary Information and Supplementary Movies). We found
that mRNA export events for an individual pore occurred infre-
quently, beneficial for single molecule observations (Supplementary
Movie 1). An immediate observation in our movies was that mRNAs
scan multiple pores (Fig. 1h, Supplementary Information and
Supplementary Movie 1). Together with a frequency analysis of

mRNA–NPC interactions, we concluded that not all pores are equally
active in mRNA export at any given time (Supplementary Information
and Supplementary Fig. 6f). Because b-actin mRNA represents ,0.1%
of all molecules passing through NPCs during this time, possibly pore
scanning represents a waiting phenomenon. To obtain the spatial
precision capable of locating the mRNA relative to NPC dimensions,
we developed a method for super-registration of the detection chan-
nels below the diffraction limit by registering two cameras within
10 nm (Fig. 1f, g and Supplementary Information). The fluorescence
of POM121–tdTomato was used to acquire inherent dual channel
registration markers for each cell imaged.

Next we observed the dwell times of mRNAs interacting with NPCs
(Fig. 1) compared to those in an equivalent observation volume in the
nucleoplasm. Kinetics were much faster for nucleoplasmic diffusion
(t 5 15 6 1 ms) than for NPC interaction (t 5 172 6 3 ms, Fig. 2a,
Supplementary Table 2 and Supplementary Fig. 7). During transport,
mRNAs were co-registered with NPCs for durations of milliseconds to
seconds (Fig. 2 and Supplementary Table 2). Dwell times at the NPC
showed bi-exponential decay kinetics (Fig. 2a). Ten per cent of slow
events could be segmented from the total dwell time distribution using
a threshold of 800 ms (Fig. 2b and Supplementary Table 3), whereupon
the decay plot became mono-exponential (Fig. 2a). This indicated that
the bi-exponential dwell time distribution resulted from two transport
species rather than from two kinetic steps in the transport process. The
trace duration histogram showed an initial increase followed by a
decrease of observed traces per time bin (Fig. 2b), indicating that the
fast transport process was a convolution of at least two kinetic steps.
We fit the data to y~A(e {k2xð Þ{e {k1xð Þ) with k1 and k2 being rate
constants (red line in Fig. 2b), indicating that the observed co-regis-
tration of mRNAs with NPCs contains two or more rate-limiting
transitions (Fig. 2 and Supplementary Information)13.

Next we identified export events by identifying nucleoplasmic (1)
or cytoplasmic (2) locations of mRNAs (Supplementary Information
and Supplementary Fig. 8). A change in sign indicated a transport
event within a trace. We observed 765 traces within 225 nm of a
NPC, many showing mRNAs travelling along the nuclear border with-
out engaging nuclear pores (Supplementary Movies 1 and 4). We
identified 115 transport traces, containing more than 2,300 positional
mRNA observations in 33 cells. This translates into a transport effi-
ciency of 15% for this class of mRNAs. Transport traces that showed
slow exporting mRNAs contributed ,60% of the positional data
(Supplementary Table 2). Three transport traces showed import of
mRNA and 46 traces (40%) showed more than one directional change,
supporting the principle of reversibility of the translocation step
through the central channel14,15. Transport traces were further ana-
lysed by calculating the distance between each observed mRNA posi-
tion and the closest NPC (Fig. 3a). The resultant ‘binding site’
histograms displayed symmetrical distributions with peaks on both
pore surfaces. Faster exporting mRNAs (Fig. 3b and Table 1) showed
broader binding peaks than slower transporting mRNAs (Fig. 3c) and
both were rarely observed within the central channel, arguing for a

1Kavli Institute ofNanoScience,Departmentof BioNanoScience, TU Delft, Lorentzweg1, 2628CJ Delft, The Netherlands. 2Albert EinsteinCollege ofMedicine, Departmentof Anatomyand Structural Biology
and Gruss Lipper Biophotonics Center 1300 Morris Park Avenue, Bronx, New York 10461, USA.
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translocation time below our imaging rate. Within the 50-nm central
channel ( 6 25 nm from the POM121–tdTomato), fast transporting
mRNAs accounted for 2.5%, whereas slow transporting mRNAs
accounted for 12.8% of the observations contained in the binding site
histograms (Fig. 3b, c). Observation frequencies of mRNA can be
linearly correlated to the transit time at any given point along the
NPC axis, resulting in transit times of 4.25 ms across the central chan-
nel for faster mRNAs. Slower exporting mRNAs might not be inter-
preted in this manner due to multiple back and forth movements
through the pore (Supplementary Movie 2). The similarity of the
binding site distributions for fast and slow transiting mRNAs empha-
sizes that functional interaction sites exist in the NPC outside of the
core structure and central channel. Binding to the cytoplasmic or
nuclear surfaces of the NPC accounted for the majority of observations
of transporting mRNAs (Fig. 3). The kinetic analyses gave a total
transport time of ,180 ms (Fig. 2). The binding site analysis combined
with the channel translocation time argues for a three-step transport

mechanism that involves nucleoplasmic docking (,80 ms), a fast
translocation through the central channel (5–20 ms) and a cytoplasmic
release step (,80 ms) (Fig. 4). The symmetry in the nuclear and cyto-
plasmic binding frequencies argues for similar kinetics on both sides of
the pore.

The widths of the binding sites were in the range of ,60 nm (Table
1). The combined cytoplasmic positions from fast and slow mRNAs
led to a narrower width of the fit, but on the nuclear side the width of
the combined data sets broadens (Fig. 3a and Table 1, P , 0.05). This
could be interpreted as the existence of one narrow release site on the
cytoplasmic surface of the NPC, but a larger target for mRNA binding
on the nuclear face. The binding site for slow transporting mRNAs is
located closer to the central channel (proximal) than for fast transport-
ing mRNAs (distal). This could be consistent with this inner binding
site functioning as a checkpoint, for example, resembling the Nup98
and Gle1 interaction with TAP or CRM116,17. The cytoplasmic peak
could be related to a release step, for example, triggered by DBP5 as
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Figure 1 | Super-registration precision and detection of nuclear mRNA. a–
g, The registration precision achieved in this experiment was based on imaging
nuclear pores on two cameras immediately before data acquisition
(Supplementary Information). n, nucleus; c, cytoplasm. Data from both
cameras (a, red; b, green) and a merged image (c) after registration are shown.
Panels d and e show a filtered merged image (d) with 21 nuclear pores, white
circles outlined in red (e). f, Co-registration precision between the best-aligned
6 (black bars and black line in inset), 10 (light grey) and 15 (dark grey) nuclear
pores. Fit (inset) is a Gaussian fit to the ‘15 pore’ data set:
registration 5 10 6 1 nm, 13 6 1 nm full-width at half-maximum (FWHM).
g, Distances between pores in e. Peak 5 7.5 nm. h, mRNAs interacted with
nuclear pores infrequently and not all interactions resulted in export of mRNAs
from the nucleus (numbers in the bottom left refer to frame numbers in
Supplementary Movie 1; mRNA scanning pores, t 5 40 ms). i, Full-length

traces from panel h and Supplementary Movie 1; first, blue; last, cyan; unit,
pixel. j, Intensity trace of the tracked mRNA (green) and background (black).
k, Slow export images from Supplementary Movie 2 (frame indicated). l, Fast
export images (Supplementary Movie 3). m, Distances between mRNA and
pore from l; co-localization precision, 26 nm total (Supplementary
Information). Nucleoplasmic mRNA distance is given as positive values
whereas cytoplasmic mRNA distance is given as negative values
(Supplementary Information and Supplementary Fig. 8). n, Intensity mRNA
signal (green) versus background (black). a.u., arbitrary units. o, mRNA
positions (green boxes) and pores (red circle) overlaid on nuclear pore from
l; unit, pixel. All scale bars, 2mm. ‘max’ indicates maximum intensity
projection; i, and o, unit pixels equals 64 nm. h–o, Laplacian of Gaussian (LoG)
filter applied (ImageJ).
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suggested by structural data18. Fast transporting mRNAs showed inter-
actions outside of the NPC structure (Fig. 4). These locations may be
coincident with nuclear filaments of the NPC (as have been described
in electron microscopy studies19,20) and cytoplasmic Nup proteins1,21,22.
Although export of most mRNAs is mediated by the Tap/p15 trans-
port factor complex and is independent of Ran-GTP levels, it depends
on available ATP in the cell18. Short-term energy depletion assays led
to the observation of a narrow peak at 79 nm on the nucleoplasmic side
of the pore and resulted in an extended dwell time for exporting cargo,
which indicates an energy-dependent step in transport outside the
central channel (Supplementary Fig. 9).

Several models for providing selectivity in nucleocytoplasmic trans-
port have been described3,23,24. It has been proposed that a channelling
effect, called ‘reduction in dimensionality’, results in a fast transport
across the pore, once the cargo gains access to the central channel25.
Regarding the translocation step, the existing models either formulate
the central channel as the major barrier and ‘de facto sorter’ (selective
phase model) or an entropic gate made of disordered phenylalanine
and glycine (FG)-rich filaments that is overcome by receptor-mediated
binding to the pore (virtual gating hypothesis)3,5.

Here we were able to follow the interaction of single cargoes and
pores during export and resolved individual transient steps of the
export process and their rate constants, which were previously
undefined. Despite the large size of the fully packed mRNA protein
complex (mRNP) (Supplementary Information), the transport time
through the central channel is surprisingly fast (,5–20 ms). We cal-
culate the 1D diffusion coefficient for a 5-ms transport time through
the central channel to be 0.5mm2 s21, which is in the lower range of
mobility found for our mRNPs in the nucleus (Supplementary Fig. 7).
Extrapolation of on-rates of cargoes using artificial nucleoporin gels
predicts longer dwell times for the transit step but is limited by missing
off rates5. We favour a model where the central channel does not
impose a rate-limiting step. Our data demonstrate that the major
interaction sites are located at the NPC surfaces rather than within
the central channel. Therefore the rate-limiting step for mRNA trans-
port is not the transition through the central channel, but rather access
to and release from the NPC (Fig. 4).

Three advances have made these observations possible. First, we
observed labelled endogenous mRNA molecules (modified with the
MS2 tag) in their undisturbed native environment, forgoing the usual
caveats concerning reporter genes that, in most cases, they are over-
expressed and non-physiological. Second, an internal reference-based
‘super-registration’ allows the study of events that regulate mRNA
transport in real time in living cells on length scales below the diffrac-
tion limit. Super-registration is to be distinguished from super-reso-
lution where a large photon flux is used to describe the exact position of
an emitting molecule. In contrast, our approach registers two spectral
sources of photons with sub-diffraction precision relative to each other
by using marker signals that pass through the same optical path used to
collect the single molecule data. Importantly, this protocol is designed
for use in vivo, minimizing photo damage using light fluxes of only a
few hundred microwatts total input power. Finally, combining sensi-
tive high-speed cameras with high signal-to-noise labelling methods,
observations can be made with a time resolution of 20 ms.

This approach is likely to be applicable to other cellular structures,
such as DNA ‘factories’, interaction of nuclear RNA in ‘speckles’ or
Cajal bodies or mRNA degradation in ‘P bodies’26. The classical use of
co-localization in fluorescence microscopy suffers from possible mis-
interpretations concerning the actual proximity of components due to
intrinsic errors in registration. The method of super-registration
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Figure 2 | Dwell times of b-actin mRNA at the NPC. The number of frames
that mRNA co-localized with an NPC was counted and translated into
milliseconds. The histogram shows observed mRNAs per time bin of 20 ms.
a, Fit of dwell time of cumulative trace length distribution27 (black circles). First
bin is total number of observed traces. Fast transport events (,0.8 s) show
mono-exponential decay (red circles). Dwell time 5 172 6 3 ms (red line, first
component black line). Second time constant 5 2,000 6 120 ms is needed to fit
complete data set (black line). mRNA in the nucleoplasm is indicated by the
grey line; dwell time 5 15 6 1 ms (90%) and 104 6 6 ms (10%). Data
normalized. b, Data from a (black circles) re-plotted as trace duration
histogram (black bars). The inset shows unprocessed raw data, for threshold
criteria see Supplementary Information and Supplementary Table 3, adjacent
averaging width 5 5 bins. A two-step convolution model (red line) reveals two
kinetic rates28; dwell times: kfast 5 43 6 1 ms and kslow 5 139 6 10 ms.
Identifying export 5 two observations 5 40 ms. The result is consistent with a
multistep process containing at least two rate constants, total time 5 180 ms.
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Figure 3 | Binding sites of mRNAs at nuclear pores. Distances between
mRNA and POM121–tdTomato (zero position) bin widths 5 25 nm. Negative
distance indicates cytoplasmic position (blue, C); positive distance indicates
nucleoplasmic position (green, N). Red lines are global fits, green and blue lines

are fits to cytoplasmic and nucleoplasmic binding distributions. a, Histogram of
all observed transport events at NPCs (b plus c). b, Histogram for fast
transported mRNAs (90% translocation). c, Histogram for slow mRNAs,
observed for extended times at NPC.

Table 1 | Binding sites for mRNA at the NPC
mRNA xcyto (nm) xnux (nm) wcyto (nm) wnux (nm) Frcyto (%) Frnux (%)

All 297 6 17 71 6 22 56 6 14 72 6 22 54 46
Fast 2122 6 4 134 6 6 64 6 5 63 6 7 57 43
Slow 264 6 6 54 6 4 42 6 6 32 6 4 47 53

Peaks in Fig. 3 have been fitted to y 5 A1exp(2(x2xc1)/2w1
2) 1 A2exp(2(x2xc2)/2w2

2) to determine the
peak positions (xi) and widths (wi) as reported in this Table. The amplitudes (Ai) from the fit are
normalized to relative fractions (Fri). cyto, cytoplasmic location; nux, nucleoplasmic location.
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described here provides an order of magnitude greater resolution and
hence a more rigorous criterion for the interaction of any two spec-
trally distinguishable components at the molecular level.

METHODS SUMMARY
An immortalized cell line was generated from a homozygous mouse carrying the
MS2 stem-loop cassette in the endogenous b-actin gene so that all b-actin mRNA
will be labelled by a genetically expressed fluorescent YFP–MS2 tag. This cell line
was modified to express the NPC marker POM121–tandem Tomato
(Supplementary Fig. 1), allowing for simultaneous imaging. The cell line showed
no growth defects (Supplementary Fig. 2 and Supplementary Table 1). To visualize
NPCs and mRNA with sufficient time resolution (50 Hz frame rates) and field of
view (21.5mm diameter) two electron multiplying (EM) CCDs were used. For
magnification adjustment, fine-tuning of excitation energies and illumination
field, maximal light transition and enabling of precise mechanical pre-alignment
of the two cameras, we set up a microscope based on an IX71 microscope stand
(Olympus) using a 1.45 N.A. 1503 oil objective lens (Supplementary Fig. 1). All
other components were replaced with custom parts, for a detailed description of
the set-up see Supplementary Information. Synchronization (nanosecond time-
scale) of the cameras was achieved by triggering one camera to a TTL pulse
generated by the other camera. Super-registration uses an inherent dual channel
marker, here the high signal state of POM121–tdTomato. Before data acquisition,
the emission signal and the surface reflection of the splitting dichroic mirror are
imaged in both channels at the same time. These pore signals are used to register
images post-experiment, taking into account inhomogeneities of cover glass thick-
ness and aberrations attributed to optical distortions in living cells. A detailed
description of the super-registration assay is in the Methods.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Set-up for super-registration microscopy. Super-registration refers to the ability
to generate an internal registration signal from the sample, for example, each cell
imaged, that can be used to register spectrally different channels relative to each
other to achieve spatial precision below the optical resolution limit. Image series
were acquired on a customized dual channel set-up (see Supplementary Fig. 1c)
using an Olympus 1503 1.45 N.A. oil immersion objective lens. The right side port
of an IX 71 (Olympus) was modified by removing the tube lens. Outside of the
stand we placed a 514.5-nm notch filter (Semrock), a 300-mm focal length lens,
followed by a 568-nm notch filter (Semrock) that was rotated by 17 degrees to the
normal to achieve blocking of 561-nm scattered light. The effective magnification
of the optical system was 2503 resulting in a pixel size of 64 nm. A dichroic mirror
(z543rdc, Chroma) was used to split the fluorescence onto two EMCCDs (Andor
iXon, Model DU897 BI). A combination of mirrors and CCD supports (x,y,z, Q-
and h-angle) was used to physically pre-align both CCDs to optimize super-regis-
tration after image processing. A resolution standard (Gellermicro), focal check
beads (Invitrogen) and diffraction-limited multi-colour beads (Invitrogen) were
used for pre-alignment. Using two cameras it is possible to adjust their focal plane
to account for small axial chromatic shifts. Super-registration is achieved by the
combination of precise mechanical alignment and image processing using trans-
formations based on the registration signal that is detected on both cameras. CCDs
were synchronized by a start signal generated by one CCD that was directly
delivered to the second CCD. The offset between the two CCDs was determined
to be three orders of magnitude below our integration time (2.1 6 0.2 ns per frame
per ms). For excitation of fluorescent proteins an Argon laser with 514.5-nm
emission (Melles Griot) and a 561-nm laser line (Cobolt) were merged into a
mono mode optical fibre (Qioptiq). The output of the fibre was collimated and
delivered through the back port of the IX71 stand and reflected towards the
objective by a dichroic mirror (z514-561-1064rpc, Chroma). Alignment onto
the optical axis of the objective was achieved with a 4-axis controlled support
for the collimator. A size-adjustable iris was used to restrict the illumination to
an area of approximately 25mm in diameter. The intensity profile in this area had a
flatness of about 5%. Each laser had a shutter (Uniblitz) that was controlled from
the imaging software. To allow reasonably fast switching (100 ms) between high-
and low-power settings with the 561-nm line, a motorized filter wheel with appro-
priate neutral density filters was placed behind the shutter but before the merging
dichroic of the laser module. The microscope was equipped with a heated stage
inset (Warner Scientific) and an objective heater (Bioptechs). During the experi-
ment the stage was covered by a 100-mm cell culture dish wrapped with alu-
minium foil to exclude stray light. Heating devices were run overnight before an
experiment. One hour before an experiment three small dishes with a few milli-
litres of water were placed on the stage inset to provide humidity. Cells were
imaged in a closed dish.
Image acquisition. Simultaneous imaging of nuclear pores and mRNA enabled a
relative measurement of distances (drifts are accounted for by the tracking of both
entities) and hence overcomes a limitation in earlier work on imaging nucleocy-
toplasmic transport, namely missing information on the exact position of the
nearest nuclear pore during the acquisition of the cargo signal. To achieve this
goal with both sufficient spatial and temporal resolution, EMCCDs, laser shutters
and the filter wheel were controlled from the camera software using customized
scripts written in Andor Basic. Using sub-frames (,2/3 of each chip, 330 3 330
pixel) on both cameras we were able to observe whole nuclei at a frame rate of
50 Hz equalling a time resolution of 20 ms for tracking single mRNAs. The effec-
tive integration time was 19.92 ms. A frame rate of 20 ms was chosen to gain
sufficient tracking resolution. Test experiments at 50-ms frame rates showed
blurring of mRNA signals whereas 20-ms frame rates offered adequate signal
accumulation to ‘freeze’ the RNAs with a positional accuracy sufficient for tracking
(see section on image processing and equation (2)). To generate the super-regis-
tration signal used for post experimental, computational fine alignment of the two
detectors the following imaging protocol was implemented: potential cells of
interest were selected and brought into focus (equatorial plane) at very low power
settings (0.5 W cm22) in the red channel using maximal gain on the camera, by
avoiding excitation at 514.5 nm bleaching in the green channel was minimized.
Next, an automated protocol was used to image NPCs only at 561-nm laser using
‘high’ power setting (180 W cm22) for 50 frames, followed by a 100-ms break to
save data, switch gain settings and filter wheel position, followed by 400 frames
with both laser lines (514.5 nm used at 15 W cm22, 561 nm used at 18 W cm22).
While the green channel CCD was used with 31,000 gain during both imaging
cycles the gain on the red channel CCD was adjusted between 450 for the first cycle
and 31,000 for the second cycle. The first imaging cycle generated a detectable
signal from the NPC staining on both cameras, due to surface reflection on the
dichroic mirror between the cameras. The front surface reflection was more pro-
nounced than the back surface reflection and could be detected well enough to use

an average time projection of the 50 images collected in the first imaging cycle as a
reference for image alignment (Supplementary Fig. 1). Power measurements were
done using an objective power meter (Carpe). Stage drifts during data acquisition
were minimal and as the nuclear pores and the mRNA were imaged simulta-
neously no extrinsic drift control was needed.
Image processing. The image information of the mRNA and NPC signals needed
to be fine-registered post experimentally. For each cell imaged, two data sets per
channel were collected as described above. The first set contained signal from the
nuclear pore label, POM121 fused to tandem Tomato, which was recorded on both
cameras. Time projection of the average signal yielded an image that identified
single NPCs. Original image stacks were divided into two sub-stacks with only half
the area but still retained the same number of images to achieve better registration
because of non-monotonic distortion over the field of view. Time-projected
images from both cameras were registered using ‘projective’ transformation in
MatLab. The individual transformation matrixes were applied to the second movie
from the red channel of each data set to overlay NPCs with the mRNA signal. The
signal of the NPC label in the second movie was much lower due to bleaching
during the recording of the registration data. To improve the signal-to-noise ratio
a sliding average of 15–25 frames was calculated for the second movie and used to
fit the NPC positions during the experiment. This averaging resulted in a reduced
time resolution for the NPC signal. As nuclear pores are relatively immobile at
least 6 nuclear pores per cell from 15 different cells were tracked for at least 150
frames in these averaged movies to estimate the localization precision of our
nuclear pore signal. On the basis of the mean error of the localized position of
these NPCs we achieved 15-nm localization precision. This value is an under-
estimation, as cellular movement will contribute to the error source for localization
over this time range. The drift of an average NPC was 1.1 6 0.2 nm between
subsequent frames (20-ms integration time).

The image registration precision was tested by fitting NPC positions on the
green channel registration data set and the registered red channel data set for nine
cells. The resulting registration precision was better than 10 nm (see Fig. 1 and
following text). Determination of the absolute co-localization precision in living
cells by our method is limited by the available signal in the green channel. As
photons contributing to this image are reflected off the glass surface of a dichroic
that is designed to transmit light at this wavelength, the signal-to-noise ratio in the
green channel is clearly worse than in the red channel. Compensation could be
reached by longer imaging at high laser intensities, but at the cost of losing the
capability to track nuclear pores during acquisition of export movies in the green
channel. The applied transformation matrix is based on four pores that have been
identified in both images. We therefore tested our co-registration precision by
calculating the distance between 6, 10 and 15 nuclear pores in both images for a
total of 21 registered nuclei from two of three experimental sets (a total of 33 cells;
see Fig. 1). Each registered image series contained an expected number of 40 to 60
nuclear pores, depending on the size of the nucleus. On the basis of the differences
in signal-to-noise ratio between the two registration images we argue that 10
nuclear pores are a fair sub-sample to estimate registration precision, leading to
a registration precision of 8 6 1 nm. Six pores might be too few as the number is
almost identical with the number of pores used for super-registration, whereas 20
pores would introduce a co-registration uncertainty that would be largely deter-
mined by the signal-to-noise ratio of nuclear pores imaged in the green channel. As
can be seen in Fig. 1 the resulting registration precision is 10 6 1 nm if we apply a
15 pore criterion. NPC and mRNA signals were evaluated by Gaussian fitting.
Although the localization precision for nuclear pores could be determined experi-
mentally within our data sets to be 15 nm, the localization precision for our mRNA
signal was estimated from the number of detected photons and the FWHM of the
Gaussian fit by equation (1)31:

Locprecision ~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2z a2=12ð Þ

N
z

8ps4b2

a2N2

r
ð1Þ

The number of photons (N) was calculated from the counts detected by the camera
and reported by the fitting routine using the manufacturer’s calibration data for
each camera, taking into account the electron multiplying gain, electrons gener-
ated per A/D count, quantum efficiency of the CCD and the energy of a photon at
the centre emission wavelength. The factor s is the standard deviation of the
Gaussian approximation of the point-spread function. It is determined by fitting
a steady signal repeatedly and calculating the distances between identical positions
in different frames. Our mRNA is moving and hence we need to estimate this value
for use in equation (1). One consequence of an inherent mobility of the signal is
that it will spread and be less bright than an immobilized equally labelled sample.
We used the following assumption: a signal that can be fitted has to have one
brightest pixel. The brightest pixel will be a lower approximation for the true
position of the mRNA. Hence s can be approximated as a. The pixel size a was
64 nm, and the background b was estimated from our data sets. The resulting
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localization precision for our mRNA signal was 19 nm. The co-localization pre-
cision between the NPC and mRNA signal is given by equation (2):

CoLocprecision ~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2

registration z s2
mRNAprecision

zs2
NPCprecision

q
ð2Þ

The precision of mRNA signal is smRNA 5 19 nm, nuclear pores are localized with
sNPC 5 15 nm and the registration between the channels is sregistration 5 10 nm.
The overall co-localization precision that equals our achieved ‘super-registration’
is calculated to be 26 nm. All our numbers for registration precision between
cameras, localization of mRNAs and nuclear pores are the average of our data.
Although such an average is a reliable and well defined measure, we argue that
such a number might be of limited relevance for the biological problem. In detail,
the observed kinetics of transient interactions in living cells would be heavily
biased if traces would be cut short because in individual frames during the total
interaction time the signal of one of the observed entities drops below the thresh-
old value for registration precision. Accordingly, selection of data points based on
the localization precision, as used in single-molecule-based super resolution tech-
niques, is not an option for tracking in living cells. The data presented here present
a breakthrough in spectrally resolved super-registration microscopy as they are
mostly limited by the detection precision of the mRNA signal, not the pore signal
or the channel registration precision. Gaussian fits were preformed with two
routines. One routine included automated particle identification and nearest
neighbour tracking as described previously31. The other routine was analogous
to that of ref. 32 but implemented in a semi-automated way. Upon ‘clicking’ of a
signal the brightest spot in a ten-pixel environment is found and a centre of mass
algorithm delivers the start point for the Gaussian fit. A number of control checks
were used to validate the fit. All fit parameters are immediately reported to the user
to allow direct appreciation of the fit. A graphical help was also implemented to
disallow for confusion of particles. This routine was used to fit all signals within a
10–15 pixel distance of the nuclear envelope. This allowed visual identification of
signals and manual tracking. As the focal thickness of our observation volume was
small, owing to the high N.A. of the objective, manual tracking allowed better

control of ‘blinking’ events. Both routines used raw data to perform the fitting.
Localization precisions are based on fits performed according to ref. 31.
Cells. Immortalized mouse embryo fibroblast cells (MEFs) from a homogeneous
transgenic knock-in mouse for b-actin-24-MBS were infected with a lentivirus
coding for NLS-MCP–YFP protein. The mouse develops normally having all b-
actin transcripts tagged with the 243 MBS repeats. This stable cell line was FACS
sorted for low expression levels of NLS-MCP–YFP and infected with a lentivirus
coding for POM121–tandem-Tomato (POM121–tdTomato). Cells were FACS
sorted for double-positive signals in the green and red channels. Successive
FACS analysis was used to separate cells with homogeneous NLS-MCP–YFP
and POM121–tdTomato expression. Growth curves of the immortalized MEFs,
MEFs derived from the b-actin 24 MBS mouse, b-actin MEFs with either NLS-
MCP–YFP or MCP–GFP expression and b-actin MEFs with additional POM121–
tdTomato expression were collected (Supplementary Fig. 2). Cells were seeded at
3,000 cells ml21 density in 60-mm dishes. A total of 30 dishes for each cell line were
seeded and up to four dishes a day were harvested and counted. A haemacytometer
(Fisher) was used for counting, and at least four samples from each dish were
counted. All five cell lines grew with the same doubling times (Supplementary
Table 1), indicating that neither the MCP label for the RNA nor the POM121 label
for the NPC have major effects on cellular metabolism. The labelling ratio of NPCs
is discussed in more detail in Supplementary Fig. 4.

Cells were grown in DMEM (Cellgro, Mediatech) containing 10% FBS (Sigma)
under 5% CO2 atmosphere. At 24–36 h before imaging, cells were split into glass
bottom dishes (MatTek). Shortly before imaging, cells were washed with PBS
(Sigma) and transferred into DMEM without Phenol Red, containing 10%
FBS and 25 mM HEPES (Gibco). Each dish was imaged at 37 uC for less than
60 min.

31. Thompson, R. E., Larson, D. R. & Webb, W. W. Precise nanometer localization
analysis for individual fluorescent probes. Biophys. J. 82, 2775–2783 (2002).

32. Kubitscheck, U. et al. Nuclear transport of single molecules: dwell times at the
nuclear pore complex. J. Cell Biol. 168, 233–243 (2005).
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Two enzymes bound to one transfer RNA assume
alternative conformations for consecutive reactions
Takuhiro Ito1,2,3 & Shigeyuki Yokoyama1,2,3

In most bacteria and all archaea, glutamyl-tRNA synthetase
(GluRS) glutamylates both tRNAGlu and tRNAGln, and then Glu-
tRNAGln is selectively converted to Gln-tRNAGln by a tRNA-
dependent amidotransferase1,2. The mechanisms by which the
two enzymes recognize their substrate tRNA(s), and how they
cooperate with each other in Gln-tRNAGln synthesis, remain to
be determined. Here we report the formation of the ‘glutamine
transamidosome’ from the bacterium Thermotoga maritima, con-
sisting of tRNAGln, GluRS and the heterotrimeric amidotransfer-
ase GatCAB, and its crystal structure at 3.35 Å resolution. The
anticodon-binding body of GluRS recognizes the common features
of tRNAGln and tRNAGlu, whereas the tail body of GatCAB recog-
nizes the outer corner of the L-shaped tRNAGln in a tRNAGln-spe-
cific manner. GluRS is in the productive form, as its catalytic body
binds to the amino-acid-acceptor arm of tRNAGln. In contrast,
GatCAB is in the non-productive form: the catalytic body of
GatCAB contacts that of GluRS and is located near the acceptor
stem of tRNAGln, in an appropriate site to wait for the completion
of Glu-tRNAGln formation by GluRS. We identified the hinges
between the catalytic and anticodon-binding bodies of GluRS
and between the catalytic and tail bodies of GatCAB, which allow
both GluRS and GatCAB to adopt the productive and non-pro-
ductive forms. The catalytic bodies of the two enzymes compete for
the acceptor arm of tRNAGln and therefore cannot assume their
productive forms simultaneously. The transition from the present
glutamylation state, with the productive GluRS and the non-pro-
ductive GatCAB, to the putative amidation state, with the non-
productive GluRS and the productive GatCAB, requires an inter-
mediate state with the two enzymes in their non-productive forms,
for steric reasons. The proposed mechanism explains how the
transamidosome efficiently performs the two consecutive steps of
Gln-tRNAGln formation, with a low risk of releasing the unstable
intermediate Glu-tRNAGln.

Most bacteria and all archaea lack glutaminyl-tRNA synthetase, and
instead use a two-step pathway to produce Gln-tRNAGln. The first step
is the glutamylation of tRNAGln by a non-discriminating GluRS, which
is also responsible for the formation of Glu-tRNAGlu. The second step
is the amidation of Glu-tRNAGln by a Glu-tRNAGln amidotransferase1.
In bacteria, the heterotrimeric GatCAB, consisting of GatA, GatB and
GatC, functions as the Glu-tRNAGln amidotransferase2, whereas the
heterodimeric GatDE catalyses the reaction in archaea3. GatB and
GatE produce Gln-tRNAGln from Glu-tRNAGln, ATP and the ammo-
nia generated by GatA and GatD, respectively4,5. In a few bacteria and
archaea, the formation of Asn-tRNAAsn is analogous to that of Glu-
tRNAGln: tRNAAsn is aspartated by a non-discriminating AspRS, and
the resultant Asp-tRNAAsn is converted to Asn-tRNAAsn by the amido-
transferase GatCAB6–8. The ‘asparagine transamidosome’, a tight
ternary complex of AspRS, tRNAAsn and GatCAB, is maintained dur-
ing the two-step reaction, probably to channel the intermediate Asp-
tRNAAsn from the catalytic site of AspRS to that of GatCAB9. This

channelling mechanism is supported by the structural model of the
asparagine transamidosome, in which AspRS and GatCAB simulta-
neously recognize the acceptor stem of tRNAAsn from the major and
minor groove sides, respectively4,5,10. AspRS belongs to class II of the
aminoacyl-tRNA synthetases, but GluRS is a class-I enzyme that
recognizes the minor groove side of the acceptor stem11. A docking
model of GluRS, tRNAGln and GatCAB for Gln-tRNAGln synthesis
has not been constructed. Nevertheless, it was recently reported that
the archaeal ‘glutamine transamidosome’ for Gln-tRNAGln synthesis
is formed by GluRS, tRNAGln and GatDE12. However, the structural
mechanism has not been clarified yet.

In the present study, we used gel mobility shift assays to investigate
whether the glutamine transamidosome is formed by bacterial GluRS,
tRNAGln

CUG and GatCAB. The band of tRNAGln
CUG was shifted

upwards with increasing amounts of an equimolar mixture of
GatCAB and GluRS (Fig. 1a). The components of the shifted band
were identified, as shown in Supplementary Fig. 1b. These experiments
confirmed the formation of the GluRS–tRNAGln–GatCAB ternary
complex, or the bacterial glutamine transamidosome. In contrast,
when GluRS and GatCAB were separately mixed with tRNAGln

CUG,
the binary complexes, GluRS–tRNAGln and GatCAB–tRNAGln, were
barely detected (Supplementary Fig. 1a). Therefore, the formation of
the transamidosome is cooperative.

Next, we successfully solved the crystal structures of the GluRS–
tRNAGln

CUG binary complex and the glutamine transamidosome from
T. maritima at 2.9-Å and 3.35-Å resolutions, respectively (Fig. 1b, c).
The statistics for the data collection and the structural refinement are
shown in Supplementary Table 1, and the structural characteristics of
the GluRS–tRNAGln

CUG binary complex are discussed in the
Supplementary Discussion. In the elucidated structure of the gluta-
mine transamidosome, tRNAGln

CUG is recognized by both GluRS and
GatCAB simultaneously. The coordinates of GluRS and tRNAGln

CUG

in the glutamine transamidosome are almost the same as those in the
GluRS–tRNAGln

CUG binary complex, except for the GatCAB-interact-
ing region in tRNAGln

CUG.
GatCAB uses the tail body, which consists of the helical and tail

domains located at the carboxy (C)-terminal region of the subunit
GatB, to recognize the outer side of tRNAGln

CUG. This tRNA recog-
nition manner by the tail body of GatCAB might resemble that by the
corresponding part of the archaeal GatDE, although the tail domain is
somewhat disordered in the GatDE–tRNAGln complex structure5. The
GatCAB catalytic body, which consists of GatA, GatC and the amino
(N)-terminal cradle domain of GatB, acts as one globule, and is located
close to, but not in contact with, the acceptor arm of tRNAGln

CUG. The
Glu 134–Ser 142 loop between two b-strands in GatB contacts the
connective-peptide domain of GluRS with an interaction surface of
about 277 Å2 (Supplementary Fig. 2a), which is the only direct inter-
action between GluRS and GatCAB. Considering the cooperativity
between GluRS and GatCAB for tRNA binding, this GluRS–GatB
interaction is likely to reinforce the transamidosome. This GatB loop

1Department of Biophysics and Biochemistry, Graduate School of Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. 2Laboratory of Structural Biology, Graduate School of
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is hereafter designated as the ‘latch loop’. The latch loop is character-
istically bent in the present transamidosome structure, whereas the
loop between the corresponding two b-strands is straight in the previ-
ously reported GatCAB and GatDE structures4,5,13,14. Therefore, the
latch loop may undergo induced fitting upon transamidosome formation.

In the present structure, GatCAB does not recognize the U1–A72 pair
in the acceptor arm, one of the elements determining the amidation by
GatCAB4. Instead, the acceptor arm points towards the catalytic site in
GluRS, where the minor groove side of the acceptor stem is tightly recog-
nized by the Rossmann-fold domain of GluRS, and the 29-hydroxyl
group of A76 in the CCA end resides next to the co-crystallized L-gluta-
myl-sulfamoyl adenosine (Glu-SA), a non-hydrolysable analogue of glu-
tamyl-AMP (Fig. 1c and Supplementary Fig. 3). Thus, the glutamine
transamidosome in the crystal represents the glutamylation state of
tRNAGln. Therefore the GluRS molecule is in the productive form,
whereas the GatCAB molecule is in the non-productive form.

The structure of tRNAGlu
CUC in the Thermus thermophilus GluRS–

tRNAGlu
CUC binary complex15 was superimposed onto that of

tRNAGln
CUG in the T. maritima GluRS–tRNAGln

CUG binary complex,
with respect to the phosphorus atoms in the acceptor and T stems (Fig.
2a). Although the base moieties of G18, G19 and C56 of tRNAGln

CUG

and tRNAGlu
CUC were moderately overlapped, the characteristic struc-

tures of each tRNA were identified in the D loop, as described in the
Supplementary Discussion. Therefore, the tertiary structure of the
outer corner, especially the D-loop side, in tRNAGln

CUG is quite dif-
ferent from that in tRNAGlu

CUC (Fig. 2a).
A superposition of the structures of tRNAGln

CUG in the glutamine
transamidosome and the GluRS–tRNAGln binary complex from T.
maritima clearly revealed the structural changes around C16 and
U20 in the D-loop of tRNAGln

CUG upon the interaction with the tail
body of GatCAB (Fig. 2b), as described in detail in the Supplementary
Discussion. Because the structural features of C16 and U20 in the D
loop are specific to tRNAGln, the tail domain of GatCAB interacts
mainly with the tRNAGln-specific structure.

To validate the aforementioned tRNAGln-selection mechanism by
GatCAB, we constructed tRNAGlu

CUC variants that resemble tRNAGln,
and tested their ability to form Gln-tRNAGlu with GluRS and GatCAB.
As shown in Fig. 2c, the variants with the substitution of the G1–U72
pair by the U1–A72 pair alone (lane 3) or the deletion of C20a alone
(lane 4) did not acquire the ability to form Gln-tRNAGlu, although they
were effectively glutamylated by GluRS. By contrast, the variant with
both the U1–A72 pair substitution and the C20a deletion was able to
form Gln-tRNAGlu to some extent (lane 5), and the addition of the
C20U substitution further increased the ability (lane 7). These results
clearly show that the tertiary structure of the D loop and the first U1–
A72 pair in tRNAGln are the two major identity elements for the
amidation by GatCAB. The lower amidation efficiency of the U1–
A72/DC20a/C20U variant of tRNAGlu

CUC (lane 7), compared with
that of tRNAGln

CUG (lane 1), may be a consequence of the different
C16 conformations (Fig. 2a). The importance of the interaction
between the tail body and tRNAGln

CUG was also evaluated with the
deletion mutants of GatCAB (Fig. 2c). The amidation activity became
negligible upon the deletion of either the tail domain (lane 10) or the
whole tail body (lane 11). Therefore the interaction between the tail
body of GatCAB and the D-loop of tRNAGln is a prerequisite for the
amidation reaction.

We superimposed the GatB structure in the tRNA-free
Staphylococcus aureus GatCAB (Protein Data Bank accession number
3IP4)14, and that in the tRNA-free Aquifex aeolicus GatCAB (Protein
Data Bank accession number 3H0L)13 onto that in the T. maritima
glutamine transamidosome, with respect to the Ca atoms in the helical
domain (Fig. 3a). The superposition revealed that GatB possesses two
flexible hinges at the domain boundaries (the straight arrows in Fig.
3a). One is between the cradle and helical domains of GatB, or between
the catalytic and tail bodies of GatCAB, and is located around Pro 300
in T. maritima GatB. The other is between the GatB helical and tail
domains within the tail body of GatCAB, and is located around
Thr 417 in T. maritima GatB. As for GluRS, the structures in the
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Figure 1 | Transamidosome formation for Gln-tRNAGln synthesis. a, Gel
mobility shift assay. The final concentrations of the samples are indicated at the
top. The bands indicated with asterisks were derived from the minor
component of tRNAGln (probably the artificially formed multimer).
b, Structure of the GluRS–tRNAGln binary complex from T. maritima (stereo
view). The overall structure is represented by a ribbon model, and the

GluRS-bound Glu-SA is shown as a CPK model. The domain structure of
GluRS is also indicated. c, Structure of the glutamine transamidosome from T.
maritima (stereo view). The overall structure is represented by a ribbon model,
and the GluRS-bound Glu-SA and the GatB-bound zinc ion are shown by CPK
models. The names of the elements of GluRS and GatCAB are indicated at the
bottom. All graphical figures were prepared using the program PyMol24.
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transamidosome and the tRNA-free form (Protein Data Bank acces-
sion number 3AFH)16 were superimposed according to the C-terminal
anticodon-binding domain 2 (Fig. 3b), and one hinge was also identified
between the anticodon-binding domains 1 and 2 (the straight arrow in
Fig. 3b). Consequently, GluRS can be divided into two bodies: the N-
terminal catalytic body and the C-terminal anticodon-binding body.

These hinges in both GluRS and GatCAB may provide the flexibility
required for the cooperative movements of the catalytic bodies in the
functional glutamine transamidosome, as follows. First, when
tRNAGln, GluRS and GatCAB cooperatively form the transamido-
some, the anticodon-binding body of GluRS binds to the tRNAGln

anticodon, whereas the tail body of GatCAB binds to the tRNAGln

outer corner. When the GluRS catalytic body assumes the productive
form to interact with the acceptor arm of tRNAGln, the GatCAB cata-
lytic body in the non-productive form is located near the GluRS cata-
lytic body. Here, the latch loop of GatB is bent, and contacts the
connective-peptide domain of GluRS (Supplementary Fig. 2a). The
present transamidosome structure represents this ‘glutamylation state’
(step Ia, and glutamylation state in Fig. 3c and Supplementary Fig. 6a).

After the synthesis of Glu-tRNAGln (step Ib in Fig. 3c), the GluRS
catalytic body is likely to leave the acceptor arm immediately, by a
pivoting movement using the hinge, while the anticodon-binding body
remains bound to the anticodon. As a result, the folded-back 39-end
moiety of Glu-tRNAGln can leave the catalytic site of GluRS. This state,
characterized by GluRS and GatCAB in the non-productive states, is
designated hereafter as the ‘intermediate state’ of the glutamine trans-
amidosome (step II, and the left panel of the intermediate state in Fig.
3c). In this state, the space between the two enzymes allows the single-
stranded 39-end moiety of Glu-tRNAGln to assume the normal,
extended conformation, and it is thereby redirected towards the

catalytic site of GatB (step III and the right panel of the intermediate
state in Fig. 3c).

In the next step, the pivoting transition of GatCAB from the non-
productive form to the productive form probably brings the catalytic
body closer to the acceptor arm of Glu-tRNAGln. The base-paired stem
slightly bends by induced fitting, for the recognition of the determi-
nant base pair U1–A72 by GatB. Thus the 39-end moiety of Glu-
tRNAGln reaches the amidation catalytic site of GatCAB (step IVa,
and amidation state in Fig. 3c, and Supplementary Fig. 6b). In this
‘amidation state’, Glu-tRNAGln is thus converted to Gln-tRNAGln (step
IVb in Fig. 3c). In the latter half of the process (steps II–IVb), the
putatively extended latch loop might maintain the contact with
the connective-peptide domain of GluRS (Supplementary Fig. 2b).
The details of these movements are further discussed in the Sup-
plementary Discussion and are presented in Supplementary Movie 1.

The ‘alternative-conformation’ mechanism of the glutamine trans-
amidosome shown in Fig. 3c clearly explains how GluRS and GatCAB
are able to bind to the acceptor arm of tRNAGln in turn without steric
hindrance, and how the misacylated intermediate Glu-tRNAGln can be
immediately corrected to Gln-tRNAGln by GatCAB, with a low risk of
releasing the misacylated product. It was reported recently that the
archaeal GluRS, tRNAGln and GatDE form a stable ternary complex,
the archaeal glutamine transamidosome12. Our model-building ana-
lysis suggested that the pivoting movement in GatDE, by analogy to
that in GatCAB, is required for the function of the archaeal glutamine
transamidosome (Supplementary Discussion and Supplementary Fig.
7). Therefore some of the structural mechanisms of the bacterial glu-
tamine transamidosome are likely to be conserved in the archaeal
counterpart. The novel mechanism revealed in this study may serve
as the structural basis for future studies on the expansion of the genetic
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Figure 2 | tRNAGln outer-corner recognition by the tail body of GatCAB.
a, Structural differences between tRNAGln and tRNAGlu (stereo view). The
superimposed outer-corner structures of tRNAGln

CUG in the GluRS–tRNAGln

binary complex from T. maritima (purple) and tRNAGlu
CUC in the GluRS–

tRNAGln binary complex from T. thermophilus (grey) are shown by phosphate
trace models. Key nucleotides are shown by stick models. The entire model is
represented on the right, with the square indicating the highlighted region (Fig.
2a, b). b, Structural changes of tRNAGln upon binding to the tail body of GatB
(stereo view). The superimposed outer-corner structures of tRNAGln

CUG in the
GluRS–tRNAGln binary complex (purple) and in the glutamine

transamidosome (yellow) are depicted by phosphate trace models, with stick
models of the key nucleotides. The ribbon model of the GatB tail domain in the
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Asp 442. c, Analysis of the glutamylation and amidation of tRNA by GluRS and
GatCAB. The lane numbers are indicated at the bottom of the autoradiograms.
Lanes 1 to 7 are analyses with GluRS and GatCAB against the various tRNAs,
and lanes 8 to 11 are analyses with GluRS and tRNAGln

CUG against the various
GatCABs. The mutations of the tRNAGlu

CUC variants are indicated above lanes
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code, in which glutamine and asparagine were incorporated at a later
stage in the evolution of life.

METHODS SUMMARY
All protein samples were overexpressed in Escherichia coli, and purified by heat
treatment and column chromatography, as described previously16. Unmodified
tRNA transcripts were prepared as described previously16, and were used as excel-
lent substitutes for the natural, fully modified tRNAGln, as the tRNAGln transcript
was efficiently glutamylated by GluRS, and its Glu-tRNAGln was further amidated
by GatCAB. For gel mobility shift assays, the [32P]tRNAGln

CUG transcript was
mixed with GluRS and/or GatCAB. The samples were fractionated on a 6.5%
polyacrylamide gel, and the free and protein-bound [32P]tRNAs were visualized
using an image analyser (Fuji Film). Crystals were grown by the sitting-drop
vapour-diffusion method at 20 uC. X-ray diffraction data were collected at the
SPring-8 beam line BL41XU or at the Photon Factory beam line AR-NE3A. The
crystals of the GluRS–tRNAGln binary complex and the transamidosome (the
GluRS–tRNAGln–GatCAB ternary complex) belong to the space groups P21 and
P2221, respectively. Data were processed using the HKL-2000 package17. Data
analyses were basically performed with the CCP4 suite18. The structures were
determined by molecular replacement using the program Phaser19, model building
was performed using the program Coot20, and structure refinement was accomp-
lished using the programs CNS21,22 and PHENIX23. The assay for glutaminyl-tRNA
formation by GluRS and GatCAB was performed in a similar manner to that
described previously for asparaginyl-tRNA formation by AspRS and GatCAB8.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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amide amino acids for protein synthesis. Nature 407, 106–110 (2000).

4. Nakamura, A., Yao, M., Chimnaronk, S., Sakai, N. & Tanaka, I. Ammonia channel
couples glutaminase with transamidase reactions in GatCAB. Science 312,
1954–1958 (2006).

5. Oshikane, H. et al. Structural basis of RNA-dependent recruitment of glutamine to
the genetic code. Science 312, 1950–1954 (2006).

6. Curnow, A. W., Tumbula, D. L., Pelaschier, J. T., Min, B. & Söll, D. Glutamyl-tRNAGln
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METHODS
Sample preparation. GluRS and GatCAB from T. maritima were prepared as
described previously16. The plasmids for the deletion mutants of GatCAB (DTail-
domain and DHelical&Tail-domains, which lack the residues from 418 to 482 and
from 301 to 482, respectively, of GatB) were prepared using a PrimeSTAR
Mutagenesis Basal Kit (Takara), and the mutants were purified in the same manner
as wild-type GatCAB. For the crystallization of the bacterial glutamine transamido-
some of GluRS–tRNAGln–GatCAB, the open reading frame of GluRS was inserted
into the 39 end of the GatC gene in pET-Duet-GatCAB, as the expressed GatC and
GluRS proteins are connected in one polypeptide, with the linker sequence
GSGSGSGS. The expression and purification were performed in the same manner
as for T. maritima GatCAB16. The GatC-GluRS–GatA–GatB retained the glutamyla-
tion-amidation activity. All tRNA transcripts were prepared as described previously16.
Gel mobility shift assay. The [32P]tRNAGln

CUG transcript was prepared by the
addition of 18.5 MBq [a-32P]CTP during T7 transcription on the 0.5-ml scale. The
transcript was purified by tandem gel filtration and ion exchange column chro-
matography. The samples of the mixture of 2mM [32P]tRNAGln

CUG, 0–200mM
GluRS and/or 0–200mM GatCAB were incubated in 50 mM HEPES-KOH buffer
(pH 7.6), containing 20 mM KCl, 10 mM MgCl2, 2 mM 2-mercaptoethanol and
10% glycerol. After incubation on ice for 15 min, 3-ml aliquots were loaded onto a
6.5% polyacrylamide gel containing 50 mM HEPES-KOH buffer (pH 7.6) and
5 mM MgCl2. After electrophoresis, the free and protein-bound [32P]tRNAs were
detected using a BAS-SR imaging plate and were visualized using an FLA-2000
image analyser (Fuji Film). To confirm the formation of the bacterial glutamine
transamidosome, a sample including 200mM tRNAGln

CUG, 100mM GluRS and
100mM GatCAB was incubated in the same manner as described above. After the
first fractionation by 6.5% native polyacrylamide gel electrophoresis, the RNA was
identified by toluidine blue O staining. The band corresponding to the glutamine
transamidosome was excised, and subjected to a second fractionation by 10%
SDS–polyacrylamide gel electrophoresis. The proteins were identified by
SimplyBlue SafeStain (Invitrogen).
Crystallization and structure determination of the GluRS–tRNAGln binary
complex. The GluRS was mixed with the tRNAGln

CUG transcript at a molar ratio
of 1:1.1. The mixture was concentrated to 15 mg ml21, and L-glutamyl-sulfamoyl
adenosine (Glu-SA), a non-hydrolysable analogue of glutamyl-AMP, was added at
a final concentration of 1 mM. The prepared sample was mixed with the reservoir
solution, composed of 100 mM HEPES-NaOH buffer (pH 7.5), 22–24% 2-propanol
and 200 mM MgCl2, with a volume ratio of 1:2. The crystallization was performed
by the sitting-drop vapour-diffusion method at 20 uC; the crystals appeared in 2–
3 weeks. The crystals were immersed in crystallization buffer containing 25%
PEG400, and were flash-cooled in liquid nitrogen. The X-ray diffraction data up
to 2.9-Å resolution were obtained at the beam line BL41XU in SPring-8 and were
processed by HKL-2000 (ref. 17). Data analyses were basically performed with the
CCP4 suite18. The space group of the crystal is P21 with unit cell dimensions
a 5 63.2 Å, b 5 159.9 Å, c 5 156.2 Å and b 5 90.1u. During the first stage, we had
analysed the data with the P21212 space group. However, during the analysis, we
found that this crystal bears a perfect twin in the P21 space group with the twinning
operator (h, -k, -l). The initial phase was determined by the molecular replacement
method, using the program Phaser19. As search models, the coordinates of GluRS
(TM1875) from T. maritima (Protein Data Bank accession number 3AFH)16, and
those of tRNAGlu in the GluRS–tRNAGlu

CUC complex from T. thermophilus
(Protein Data Bank accession number 1N78)15 were used. The model was corrected
and further refined by the programs Coot20 and CNS21,22. The data collection and
the structure refinement statistics are provided in Supplementary Table 1.
Crystallization and structure determination of the transamidosome: the
GluRS–tRNAGln–GatCAB ternary complex. The GatCAB–GluRS fusion pro-

tein was mixed with the tRNAGln
CUG transcript at a molar ratio of 1:1.1. The

mixture was concentrated to 10 mg ml21, and Glu-SA was added at a final con-
centration of 1 mM. The prepared sample was mixed with an equal volume of
reservoir solution, composed of 50 mM Na cacodylate buffer (pH 6.6–6.9), 10 mM
MgSO4 and 2.0–2.2 M (NH4)2SO4. The crystallization was performed by the sit-
ting-drop vapour-diffusion method at 20 uC, and the crystals appeared in 2–
3 weeks. The crystals were immersed in crystallization buffer containing 20%
glycerol, and were flash-cooled in liquid nitrogen. The X-ray diffraction data were
obtained at the beam line BL41XU in SPring-8 or at the beam line PF-AR NE3A in
the Photon Factory and were processed by the HKL2000 program17. Data analyses
were basically performed with the CCP4 suite18. The space group of the crystal is
P2221 with unit cell dimensions a 5 77.0 Å, b 5 125.7 Å, c 5 313.4 Å. The initial
phase was determined by the molecular replacement method, using the program
Phaser19. As search models, the coordinates of GatA from T. maritima (Protein
Data Bank accession number 2GI3), those of GatBC in GatCAB from A. aeolicus
(Protein Data Bank accession number 3H0L)13 and those of the GluRS–
tRNAGln

CUG complex from T. maritima were used. The structure missing in the
search models was manually constructed, and the entire model was further cor-
rected and refined by the programs Coot20 and CNS21,22. The program PHENIX23

was used for the TLS refinement with seven TLS groups, and for the following
individual B-factor refinement at the final stage. The asymmetric unit contains one
transamidosome, consisting of GluRS from one GluRS–GatC fusion protein and
GatCAB from another fusion protein (Supplementary Fig. 9). The N-terminal
residues Pro 15–Phe 22 of GluRS exist in the space between the cradle domain
of GatB from the same fusion protein and the connective-peptide domain of the
symmetric GluRS (Supplementary Fig. 9). The data collection and structure refine-
ment statistics are provided in Supplementary Table 1.
Assay for glutaminyl-tRNA formation by GluRS and GatCAB. The experi-
ments were performed similarly to those described previously8. The 20-ml reaction
mixture contained 50 mM HEPES-NaOH buffer (pH 7.5), 20 mM MgCl2, 91.6mM
[14C]glutamate, 0.1mM GluRS, 1.5mM GatCAB, 10mM tRNA and 4 mM ATP.
The mixtures were incubated at 50 uC for 30 min. The reaction was stopped by
phenol/chloroform extraction. The extracted molecules containing Glu/Gln-
tRNA were precipitated by ethanol, and then dried in a centrifugal concentrator.
The samples were resuspended in 50ml of water, and were deacylated in 25 mM
KOH at 80 uC for 30 min, neutralized by adding HCl, and dried again. The pellets
were dissolved in 4ml of water, and 2-ml aliquots were analysed on an HPTLC
cellulose plate (Merck), using a solution of 2-propanol/formic acid/water (80/4/
20) as the developer. The dried plate was exposed to an imaging plate and visua-
lized using an FLA-2000 image analyser (Fuji Film).
The model construction of the amidation state in the bacterial glutamine
transamidosome. The model of the amidation state in the bacterial glutamine
transamidosome was constructed, as described below. At first, the structure of the
glutamylation state was superimposed onto the structure of the archaeal GatDE–
tRNAGln complex5, with respect to the Ca atoms in the helical domain, and the
phosphorus atoms in the D- and T-loops of tRNA. Then, the structure of the
catalytic body of GatCAB, as the cradle structure of GatB, was superimposed onto
that of GatE in the archaeal GatDE–tRNAGln complex. In addition, the acceptor
stem and the CCA-end of tRNAGln were also modelled, as the corresponding
residues in the archaeal GatDE–tRNAGln complex. The structures of the other
part of tRNAGln and the tail body of GatCAB were kept the same as in the
elucidated crystal structure. The resultant structure of the amidation state of the
GatCAB–tRNAGln complex was model-minimized by the program CNS21,22.
Finally, the structure of the tRNA-free form of GluRS (an inactive form of
GluRS)16 was modelled by superimposing the structure of the anticodon binding
domain 2 onto that in the glutamylation form.
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Anisotropies in cortical tension reveal the physical
basis of polarizing cortical flows
Mirjam Mayer1,2, Martin Depken1,2{*, Justin S. Bois1,2*, Frank Jülicher2 & Stephan W. Grill1,2

Asymmetric cell divisions are essential for the development of multi-
cellular organisms. To proceed, they require an initially symmetric
cell to polarize1. In Caenorhabditis elegans zygotes, anteroposterior
polarization is facilitated by a large-scale flow of the actomyosin
cortex2–4, which directs the asymmetry of the first mitotic division.
Cortical flows appear in many contexts of development5, but their
underlying forces and physical principles remain poorly understood.
How actomyosin contractility and cortical tension interact to
generate large-scale flow is unclear. Here we report on the subcellular
distribution of cortical tension in the polarizing C. elegans zygote,
which we determined using position- and direction-sensitive laser
ablation. We demonstrate that cortical flow is associated with aniso-
tropies in cortical tension and is not driven by gradients in cortical
tension, which contradicts previous proposals5. These experiments,
in conjunction with a theoretical description of active cortical
mechanics, identify two prerequisites for large-scale cortical flow:
a gradient in actomyosin contractility to drive flow and a sufficiently
large viscosity of the cortex to allow flow to be long-ranged. We thus
reveal the physical requirements of large-scale intracellular cortical
flow that ensure the efficient polarization of the C. elegans zygote.

Understanding polarization of the C. elegans zygote requires an
understanding of cortical flows and their driving forces. At the onset
of polarization, indicators of contractility (myosin foci and membrane
ruffles) are uniformly distributed throughout the actomyosin cortex4. A
centrosome-associated cue disrupts this even distribution by local myo-
sin downregulation near the posterior pole3,6. This induces anterior-
directed cortical flows, which facilitate the segregation of cell-fate
determinants between the anterior and posterior domain4,7. Flows are
subject to biochemical feedback4,7–9 and persist for several minutes; they
do not resemble a singular elastic relaxation. During polarization the
cortex constantly contracts, rearranges and turns over, suggesting that
its active and fluid properties are important10,11.

Two main factors are known to play a role in cortical dynamics:
actomyosin contractility and cortical tension. It is important to recognize
that they are distinct12. Actomyosin contractility (active tension) refers to
the forces actively generated by cortical myosin motors. Cortical tension
(total mechanical tension) refers to the forces that actually reside in the
cortex (Supplementary Table 1). Although cortical tension has recently
drawn interest for its function in various stages of animal development13,
its role in flows remains unclear. It has been proposed that gradients in
cortical tension constitute the driving force for cortical flow5, but this has
never been tested in vivo.

We characterized cortical tension in the polarizing zygote with both
positional and directional resolution. To this end, we ablated the acto-
myosin meshwork with a pulsed ultraviolet laser14 along a 6-mm line
(cortical laser ablation, COLA, Fig. 1a, Supplementary Figs 1 and 2) in
embryos expressing green fluorescent protein (GFP)-labelled non-muscle
myosin 2 (NMY-2–GFP) (similar results were obtained with the actin
marker moesin (GFP–MOE), Supplementary Fig. 3). Following COLA,
the adjacent cortex rapidly displaced away orthogonally to the cut line and

continued moving outwards for several seconds (Fig. 1, Supplementary
Movie 1) before undergoing wound-healing15 (Supplementary Fig. 4).
Cortical tension is proportional to the initial outward velocity v0 of the
cortex after COLA (Supplementary Section 4.2). The outward velocity
decayed exponentially over time (Figs 1c, f and 2), which is characteristic
of a simple viscoelastic response16. The associated decay time constant t is
a signature of the mechanical properties of the cortex, in particular its
stiffness (Supplementary Information Section 2.4). Thus, COLA allows
position- and direction-sensitive quantification of cortical tension in
living embryos.

We first probed cortical tension in the direction orthogonal to the
anteroposterior (AP) axis (‘orthogonal cortical tension’), because there
are essentially no flows in this direction. We asked whether tension in
this direction differs between the myosin-rich anterior and the myosin-
depleted posterior domains17,18. To measure orthogonal cortical tension,
we performed COLA along the AP axis of NMY-2–GFP embryos and
followed cortical movements orthogonal to the ablated line. We found a
significantly enhanced response in the anterior cortex, compared with
that in the posterior cortex (Fig. 1a–f, Supplementary Movies 1 and 2),
with an initial orthogonal outward velocity v0,H 5 9.15 6 0.84mm
min21 (all errors are errors of the mean at 95% confidence unless other-
wise stated) in the anterior (n 5 120) and v0,H 5 3.81 6 0.82mm min21

in the posterior domain (n 5 88). The decay time constant t differed
slightly between the anterior (2.7 6 0.3 s) and posterior (3.9 6 0.9 s, Fig.
2b insets), consistent with a stiffer anterior cortex due to higher density
of cortical F-actin19 (Supplementary Fig. 5). Our results demonstrate that
orthogonal cortical tension is twice as high in the myosin-rich anterior
cortex as in the posterior cortex, where myosin levels are reduced.

We expect orthogonal cortical tension to be high in both domains
under conditions in which myosin concentrations remain high through-
out the cortex. To test this, we used RNA interference (RNAi) to deplete
embryos of spindle defective 5 (SPD-5), a protein required for centro-
some maturation and symmetry breaking20. Performing COLA along the
AP axis, we observed a strong cut response in both domains (Fig. 1g–j,
Supplementary Movies 4 and 5), with similar v0,H in the anterior
(10.61 6 2.03mm min21, n 5 26) and posterior cortex (8.61 6 2.40mm
min21, n 5 23). Hence, orthogonal cortical tension does not differ sig-
nificantly within the cortex under spd-5(RNAi).

We next investigated how cortical tension is biochemically regulated.
Using RNAi against two antagonistic regulators of the small G protein
RHO-1, the GTPase activating protein (GAP) RGA-3 (refs 21, 22), and
the guanine nucleotide exchange factor (GEF) ECT-2 (ref. 8), we tested
for regulation of cortical tension by means of the Rho-GTPase cycle23. We
conducted anterior COLA along the AP axis in zygotes that were globally
depleted of either the GAP or the GEF, but still polarized. Ect-2(RNAi)
embryos displayed a weak recoil (v0,H 5 3.76 6 1.62mm min21, n 5 16;
Fig. 3, Supplementary Movie 6), similar to posterior COLA in non-RNAi
embryos. Conversely, we observed a vigorous COLA response in rga-
3(RNAi) embryos (v0,H 5 11.39 6 1.75mm min21, n 5 35; Fig. 3,
Supplementary Movie 7), with v0,H exceeding anterior velocities of
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non-RNAi embryos. We conclude that reducing RGA-3 upregulates
orthogonal tension in the anterior cortex, whereas reducing ECT-2
downregulates it.

We have so far investigated cortical tension orthogonal to flow,
where the force balance in the cortex is simple: contractility and cortical

tension are equal because all contractile forces generate cortical tension.
In the presence of flow, the force balance is more complicated because
viscous stresses arise due to movement and deformation of the flowing
cortex. Therefore, cortical tension could be affected by flow and differ
between the directions along and across the AP axis. We measured
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anterior cortical tension along the AP axis (‘parallel cortical tension’) by
performing COLA along a 6-mm line orthogonal to the AP axis
(Supplementary Movie 8). The reaction we observed in this direction
was significantly weaker (initial parallel outward velocity, v0,jj5 4.97 6

0.93mm min21, n 5 63) than the orthogonal response measured in this
domain (see above; Fig. 2b, e, g). This demonstrates a marked aniso-
tropy of cortical tension in the anterior, with parallel cortical tension
significantly smaller than orthogonal cortical tension.

To verify that the observed anisotropy is a direct result of flow, we
tested whether cortical tension is isotropic in polarization-deficient
embryos in which anterior-directed flows are absent. We found that
cortical tension was isotropic and high in both domains of spd-5(RNAi)
embryos (anterior: v0,H 5 10.16 6 2.03mm min21, n 5 26; v0,jj5 8.76
6 1.43mm min21, n 5 25; posterior: v0,H 5 8.61 6 2.40mm min21,
n 5 23; v0,jj5 8.86 6 1.78mm min21, n 5 21; Fig. 2c, f, h;
Supplementary Movies 4, 5, 9 and 10) and similar to anterior ortho-
gonal tension during flows (Fig. 2). Consistent with this, cortical
tension was also isotropic (albeit reduced overall) in non-RNAi
embryos before flow onset (Supplementary Fig. 8). Furthermore, the
decay time constant t in the anterior during flows did not differ sig-
nificantly between the two directions, and was similar to that measured
in both domains and both directions when flow was inhibited by
depleting SPD-5 (insets Fig. 2b,c,f). This suggests that the mechanical
properties of the cortex are isotropic and that anisotropies in cortical
tension are a direct consequence of flows.

To understand how cortical flow generates these anisotropies, we
investigated the cortical force balance. We first analysed AP profiles of
flow velocity and myosin density. The myosin density distribution
(serving as a measure of contractility) is uniformly high in the anterior
and decreases towards the posterior pole4. Anterior-directed flows
reach their highest velocity within the posterior domain and slow
down towards the anterior before ceasing near the anterior pole
(Fig. 4a, b, Supplementary Movie 11). This velocity decrease implies
that the cortex is not only moving towards the anterior, but is com-
pressed at the same time. Translocation and deformation are subject to
distinct dissipative effects: translocation is resisted by friction between
the cortex and the cytoplasm/membrane/eggshell; deformation is
resisted by internal viscosity on long time scales, because the actomyo-
sin meshwork requires remodelling during compression (Fig. 4c, d).
Furthermore, we measured a time constant of 28.7 6 2.2 s for cortical
myosin turnover (n 5 11, Supplementary Fig. 10a), suggesting that

elastic contributions to the force balance can be neglected when con-
sidering time scales longer than this turnover time24,25. To quantify the
force balance, we next developed a physical description that treats the
cortex as a thin film of active viscous fluid10,26,27. Here, cortical tension T
along a given direction x is not only the result of contractility (active
tension) C, but also depends on the effective viscosity g within the cortex
and the local rate of compression hv/hx, where v describes the flow
velocity along the x-axis (Supplementary Section 4.3): T 5 C 1 g hv/
hx. Additionally, friction affects the tension gradient according to hT/
hx 5 c v, where c is a friction coefficient. This thin-film active fluid
description is valid for timescales that are large compared to cortical
turnover time, and for length scales that are large compared to local
inhomogeneities (myosin foci; Supplementary Fig. 6).

We next asked whether friction or viscosity dominates. If the cortex
can be rapidly compressed or expanded, cortical viscosity can be
neglected (g < 0). Cortical tension is then unaffected by flow, directly
determined by contractility, and isotropic. Conversely, if the cortex can
be easily moved relative to its environment, friction can be neglected
(c < 0). Parallel cortical tension is then constant, and no cortical tension
gradient exists along the AP axis even in the presence of flow (hT/
hx < 0). Our experiments revealed that cortical tension is anisotropic,
demonstrating that cortical viscosity cannot be neglected. To determine
whether friction can be neglected, we tested for the existence of an AP
cortical tension gradient by measuring parallel tension in the posterior
cortex (Supplementary Movie 12). We found that the response (v0,jj5
4.29 6 1.06mm min21, n 5 47) was not significantly different from
anterior v0,jj (Fig. 2). This demonstrates that there is no detectable AP
gradient in cortical tension and implies that external friction can be
neglected. Our finding is in contrast to previous considerations, which
postulated cortical tension gradients as a driving force for cortical
flows5.

Why is cortical flow associated with anisotropies in cortical tension,
but not with tension gradients? We have demonstrated that this is
because viscosity dominates over friction, and now argue that there
is a physiological reason for this. If friction were to dominate over
viscosity, a local contraction would result in the localized expansion
of adjacent material, without affecting the cortex further away. Only a
sufficiently viscous cortex supports a long-ranged flow towards a con-
tracting region (Fig. 4e, Supplementary Movie 13). Our theoretical
description reveals a hydrodynamic length scale , 5 (g/c)1/2 (Sup-
plementary Section 4.3), which describes the extent to which the flow
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is long-ranged. We determined , by calculating the theoretical flow
profile from the experimental myosin distribution (Fig. 4b). The cal-
culated profile best matches the experimentally measured one for
, < 14mm, demonstrating that localized contractions can move the
cortex over a significant fraction of the length of the embryo. We
propose that the existence of anisotropies in cortical tension and the
absence of tension gradients result from the biological necessity of
contractile flow to be long-ranged, suggesting that cortical properties
are tuned to enable long-ranged flow for robust AP polarization.

Finally, we tested whether changes in the turnover and activity of
cortical components affect cortical viscosity24,25. Mild depletion of the
actin depolymerizing/severing factor cofilin (UNC-60) or the myosin
regulatory light chain (MLC-4) increased the NMY-2–GFP turnover
time approximately 2.5-fold. We observed that it also increased the
hydrodynamic length scale to more than 25mm in both cases, consistent
with an increased viscosity (Supplementary Fig. 10). Conversely, we
found that treatment with the actin polymerization inhibitor cytocha-
lasin D induced a period of short-ranged flow (Supplementary Fig. 11,
Supplementary Movie 14), consistent with a reduced viscosity due to
actin meshwork disassembly, before flows were lost entirely28. These
results illustrate that the emergence of cortical viscosity is closely related
to the activity and turnover of cortical components, and it might be
interesting to investigate whether cortical viscosity itself is subject to
spatio-temporal regulation29.

By mapping cortical tension through location- and direction-sensitive
COLA measurements, we have unveiled the physical mechanisms of
cortical flow in C. elegans. Many developmental rearrangements both
at the single-cell level and in multicellular tissues rely on tension and
flow5,30, and it will be interesting to see whether they are governed by
similar physical principles.

METHODS SUMMARY
Culture conditions, strains and gene silencing by RNAi. Worm strains, handling
and RNAi conditions used in this study are detailed in the Supplementary Methods.
COLA. We conducted cortical laser ablation using methods similar to those in ref.
14. We performed COLA at 30% retraction by applying 50 ultraviolet pulses at
500 Hz to five equidistant sites along a 6-mm line. We analysed the initial outward
velocity v0 after COLA using particle image velocimetry (PIV).
PIV. We determined the initial outward velocity v0 after COLA and the overall
flow fields of polarizing embryos with a custom-made PIV algorithm (detailed in
the Supplementary Methods) using Matlab (Mathworks) and implementing
Gaussian fitting to achieve subpixel resolution.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Culture conditions, strains and sample preparation. We cultured and handled
C. elegans embryos as described31. We used transgenic strains JJ1473 (NMY-2–
GFP; ref. 32) and nnIs (unc-119(1) GFP–Dm-MOE(437-578); ref. 33), both of
which are under the control of the pie-1 promoter. We grew strains at 20 uC and
imaged them at 22–24 uC. We dissected worms in 0.1 M NaCl/4% sucrose and
mounted embryos on agar pads (2% agarose in 0.1 M NaCl/4% sucrose). We
slightly compressed embryos between the agarose pad and a coverslip to increase
the cortical surface visible in a confocal plane.
Gene silencing by RNAi. We performed RNAi experiments by feeding as
described34,35, and incubated worms for 14–36 h at 25 uC on feeding plates (nematode
growth medium agar containing 0.5–2.0 mM isopropyl-b-D-thiogalactoside and
25mg ml21 carbenicillin) before analysing their progeny. With the exception of
mlc-4, which was provided by Nate Goehring, and unc-60, which was a gift from
Carrie Cowan, we obtained the feeding clones used from Geneservice (http://www.
geneservice.co.uk).

The feeding clones contained the respective target sequence amplified with the
following primers and cloned into the RNAi feeding vector L4440, which was
transformed into HT115 bacteria35.
rga-3: K09H11.3 GCAAGGAAGGCAACTCTGTCGTTATTTCTCGGTGTGGC
GT
ect-2: T19E10.1 CTCTGATTTCTGCCAAAGCCGGCAAAGAAATCCGATTCA
spd-5: F56A3.4 CTTTCTCTGGGAAGAATGCGTTTTCGTCTGCTGATGTTCG
unc-60: C38C3.5a TTGGATCCATGAGTTCCGGTGTCATGGT CCGCGGCCG
CTAGTGATCTCCGTATTTCT
For the mlc-4 feeding clone the entire genomic sequence (C56G7.1) was subcloned
using the Gateway system into L4440GW, a Gateway derivative of the L4440
feeding vector, and also transformed into HT115 bacteria.
COLA. We conducted laser ablation on a previously described set-up14. We per-
formed COLA at 30% retraction (that is, when the anterior myosin-rich cortex
occupied 70% and the posterior cortex 30% of the embryo length), or the equi-
valent stage in the cell cycle, by applying 50 ultraviolet pulses at 500 Hz to five
equidistant sites along a 6-mm line. This length was a compromise between aver-
aging over local inhomogeneities (myosin foci, 4.8mm average inter-foci distance;
Supplementary Fig. 6) and keeping the extent of the perturbation small compared
to the size of the embryo. We acquired fluorescent images with an ORCA ER
camera using 2 3 2 binning, and integration times of 150–300 ms. (We exposed
posterior COLA experiments and ect-2(RNAi) zygotes for longer because they had
reduced fluorescence intensities owing to NMY-2 downregulation.) The frame
rate was 1 s before and after COLA; COLA itself had a duration of 5 s, during which
no images were acquired (Supplementary Fig. 1a).
PIV. We quantified cortical velocity both for COLA and for cortical flow mea-
surements using PIV36,37. Our algorithm is based on the cross-correlation of a pair
of subsequent images (using Matlab’s built-in function normxcorr2), quantifying
movements on the basis of the largest similarity between templates in the first
frame and their respective counterparts in the subsequent frame. PIV does not
depend on the presence of particles of defined shapes or sizes. This allows for an
automated, unbiased calculation of velocity fields in both the anterior and posterior
of non-RNAi embryos and under different RNAi conditions, in which the particles
(NMY-2 foci and puncta) had different features. Our algorithm implemented
Gaussian fitting to achieve subpixel resolution. Before data analysis, we tested
different PIV parameters for computing velocity profiles of cortical flows and
post-COLA responses. These gave comparable results, demonstrating robust quan-
tification by PIV with the use of one defined set of parameters for all analyses.
Quantification of v0 and t after COLA. The physical properties of interest in a
COLA experiment are cortical tension and cortical stiffness. As shown in
Supplementary Information Section 4.2, cortical tension is proportional to the
velocity away from the ablation line immediately after COLA (v0), and the stiffness
is inversely proportional to the decay time constant of the velocity (t). To deter-
mine the initial outward velocity we applied PIV (see above) to the pre- and post-
cut frames, yielding the velocity field over the 5-s cut duration. The velocity
component orthogonal to the cut line (Supplementary Fig. 1b, black arrows)
was averaged in two regions adjacent to the cut (Supplementary Fig. 1b, yellow
boxes), yielding the mean initial outward velocity, v0

mean, over the 5-s cut duration.
To assess the temporal cortical recoil after COLA, we determined the outward

velocity for post-cut frames up to 15 s after COLA, where the time interval between
frames was 1 s, by averaging the orthogonal component of the calculated PIV flow
field over the two adjacent areas. The outward velocity decayed over time in each
experiment separately. The averaged data for each experimental condition showed
similar decay (Supplementary Fig. 1c). Over the first 10 s, the initial velocity decay
after COLA was well described by a single exponential decay, consistent with
known viscoelastic properties of actomyosin cortices16,38. For times longer than
about 10 s after COLA, the data deviated from the single exponential decay

because of wound healing, in which the outward velocities reversed and assumed
negative values (Fig. 2 and Supplementary Fig. 2).

Cortical resealing after COLA appears to be the combination of two processes:
an accumulation of central actomyosin at the cut site and an inward-directed
movement from the rim of the cut towards its centre (Supplementary Fig. 4).
To account for this inward-directed resealing, which results in negative outward
velocities for longer times, we incorporated a correction term in the exponential fit
functions for the velocity decays after COLA. We assumed this resealing correc-
tion term to be linear in time: v(t) 5 v0 e2t/t 2 bt. A resealing velocity that linearly
increases with time might arise from the increasing accumulation of actomyosin at
the centre of the cut site15. However, it is also possible that wound healing leads to a
resealing velocity that is constant in time, resulting in a velocity function of the
form v(t) 5 v0 e2t/t 2 d. In both cases, the individual and the average velocity
decays were well fitted (coefficient of determination, R2 . 0.98 for all conditions)
and gave consistent results (Supplementary Table 2). Because the associated R2

values were larger on average for the linear resealing kinetics (Supplementary
Table 2), we report these values in the main text.

In addition to determining the decay time constant t, fitting experimental
velocity decays also provides another way to obtain the initial outward velocity
after COLA, reported as v0

fit in Supplementary Table 2. Importantly, v0
mean and

v0
fit were in very good agreement for all experimental conditions tested

(Supplementary Fig. 1d and Supplementary Table 2), verifying that COLA cap-
tures the dominant fast relaxation due to tension release. The results reported in
the main text as v0 are velocities obtained by comparing pre- and post-cut images
(v0

mean).
The specificity of the cortical response to COLA and the reliability of our PIV

algorithm were tested for each experiment in a control by cross-correlating two
frames of 5-s interval before COLA as described above. Because no laser ablation
had occurred, these controls did not show any directed movement in the two
regions averaged for analysis, resulting in outward velocities that were not signifi-
cantly different from zero (Supplementary Fig. 1b, left panel, and Supplementary
Fig. 1d). These controls confirm that the initial outward velocities after COLA
result from the laser ablation and are adequately captured by PIV.

The velocity decay constant is given by t 5 f / k, as described in Supplementary
Section 4.2, where k is the elastic stiffness of the cortex and f characterizes fric-
tional interactions between the cortex and the entraining fluid. Because the cytosol,
and therefore the fluid in which the cortex is embedded, is likely to be uniform
throughout the embryo39,40, differences in t probably reflect differences in stiffness.
A plausible cause for varying t is a slightly stiffer anterior cortex due to larger
densities of F-actin in that region19,41,42. To test whether such an explanation is
quantitatively consistent with the observed anterior and posterior relaxation con-
stants, we quantified the fluorescence intensity of 24 GFP–MOE-expressing
zygotes at the time of 30% retraction in anterior and posterior regions of fixed
area (Supplementary Fig. 5a), normalized them by the background fluorescence
intensity and calculated the ratio of normalized F-actin density between the
anterior and posterior cortex. We found the F-actin density to be on average
1.32 6 0.16 times higher in the anterior than in the posterior domain. Because t
is inversely proportional to the stiffness of the material, we determined the ratio
tposterior/tanterior, obtaining the result 1.41 6 0.50, which was very similar to the
ratio of actin densities (Supplementary Fig. 5). Therefore, differences in relaxation
times probably represent differences in stiffness, which could simply result from
different associated F-actin densities. We note, however, that alternative explana-
tions, such as strain hardening43,44, are also plausible.
Survival and classification of embryos in response to COLA. We observed four
different reactions when cutting the cortex of worm embryos using COLA
(Supplementary Fig. 2). Under the conditions we used, most of the ablation
wounds quickly resealed again, and non-RNAi embryos proceeded to divide
normally, which we verified by differential interference contrast imaging.
Cortical resealing happened in 73% of all experiments and was typically associated
with an accumulation of actomyosin at the cut site (in 203 out of 208 resealing
NMY-2–GFP embryos, Supplementary Fig. 4). We observed this accumulation in
both the anterior and the posterior, but detected it more easily in the anterior, in
which the overall concentration of actin and myosin is higher under normal
conditions. Wound healing involved both an inward-movement of the cortex
from the rim of the wound towards its centre and a central accumulation of cortical
material (Supplementary Fig. 4). Both processes seemed to occur simultaneously,
and usually the wound resealed completely within 20–30 s post-cut. Some
embryos did not reseal their wounds on the time scale on which the embryos were
fluorescently monitored after COLA, but they nevertheless underwent a slightly
slower, but otherwise normal, first cell division. This condition was named ‘stable
hole alive’ and was observed only rarely (Supplementary Fig. 2). Similarly, some
embryos with stable, persistent holes failed to divide (‘stable hole dead’). The most
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severe reaction to COLA caused the embryo to spill, probably in response to a
severe puncture of the membrane.
Quantification of flow and density profiles. We used the same PIV algorithm
that was used for COLA analysis to also record flow-velocity profiles along the AP
axis of NMY-2–GFP-labelled zygotes. To this end, we cross-correlated two frames
of 5-s interval immediately before each COLA experiment and obtained a flow
field for the entire embryo at roughly 30% retraction (Fig. 4a). We omitted velocity
vectors positioned outside the visible bounds of the embryo. The AP component of
individual velocity vectors was averaged in each of 12 bins in an 8-mm wide stripe
along the AP axis, giving an AP velocity profile. We subtracted the background
fluorescence intensity of NMY-2–GFP from the same images, normalized the
fluorescence intensity and averaged it along the AP axis in the same 12 bins,
providing an AP NMY-2–GFP density profile. We averaged individual velocity
and density profiles over 75 embryos, a subset of the embryos subjected to COLA,
using two frames (with 5-s interval) immediately before laser ablation. We selected
the embryos from the total set of NMY-2–GFP non-RNAi samples, using only
those zygotes for which the imaged cortical plane covered more than 70% of the
entire length of the embryo and which were exposed brightly enough to provide a
velocity field over the entire cortex without compromising the dynamic intensity
range. The resulting graph is displayed in Fig. 4b. We omitted one bin on either
side owing to the larger error of PIV close to the poles, which probably arises from
the local high curvature of the cortex in three-dimensions and the proximity to the
embryo boundaries. We obtained the flow and density profiles for the RNAi
conditions in Supplementary Fig. 10 in the same manner.
Fluorescence recovery after photobleaching (FRAP). We conducted FRAP
experiments on an inverted Zeiss Axio Observer Z.1 microscope using a 633

water-immersion lens (plus 1.63 Optovar), a spinning-disk confocal head
(Yokogawa), an Andor iXon EMCCD camera and an Andor FRAPPA system.
We acquired the images as cortical Z-stacks of three planes at 0.5-mm spacing with
an interval time of 2 s between individual stacks (iQ software, Andor Technology).
We performed FRAP by bleaching a square of 12mm 3 12mm at double repetition,
with a laser dwell time of 120ms per pixel. We monitored the recovery for a sub-
square (6mm 3 6mm) at the centre of the bleach square, and normalized it by
means of the fluorescence intensity in an area of equivalent size outside the bleached
area. We averaged the normalized recovery curves of several FRAP experiments and
determined the characteristic recovery time by fitting the fluorescence-intensity
data with an exponential function (Supplementary Fig. 10a–d).
Cytochalasin D treatment. We carried out treatment with cytochalasin D
(Sigma) as described28,45,46. We immersed C. elegans zygotes at the stage of polarity
establishment and polarizing flows in embryonic growth medium containing 5mg
ml21 cytochalasin D, as in ref. 47. We performed imaging on an inverted Axiovert

200M microscope (Zeiss) with a 63 3 water-immersion lens (C-Apochromat, NA
1.2, Zeiss), a spinning-disk confocal head (Yokogawa) and an ORCA ER camera
(Hamamatsu). We acquired images in the cortical plane at 2-s intervals, and
ablated the eggshell in the midplane of the embryo with the same ultraviolet laser
used for COLA experiments, ablating 100 pulses at a single spot with high fre-
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39. Grill, S.W., Howard, J., Schäffer, E., Stelzer, E. H.K.& Hyman,A. A. Thedistribution of
active force generators controls mitotic spindle position. Science 301, 518–521
(2003).

40. Daniels, B. R., Masi, B. C. & Wirtz, D. Probing single-cell micromechanics in vivo: the
microrheology of C. elegans developing embryos. Biophys. J. 90, 4712–4719
(2006).

41. Strome, S. & Hill, D. P. Early embryogenesis in Caenorhabditis elegans: the
cytoskeleton and spatial organization of the zygote. Bioessays 8, 145–149 (1988).

42. Velarde, N., Gunsalus, K. C. & Piano, F. Diverse roles of actin in C. elegans early
embryogenesis. BMC Dev. Biol. 7, 142 (2007).

43. Gardel, M. L. et al. Elastic behavior of cross-linked and bundled actin networks.
Science 304, 1301–1305 (2004).

44. Gardel, M. L. et al. Stress-dependent elasticity of composite actin networks as a
model for cell behavior. Phys. Rev. Lett. 96, 088102 (2006).

45. Hill,D.P.&Strome,S.An analysisof the roleofmicrofilaments in theestablishment
and maintenance of asymmetry in Caenorhabditis elegans zygotes. Dev. Biol. 125,
75–84 (1988).

46. Hyman, A. A. & White, J. G. Determination of cell division axes in the early
embryogenesis of Caenorhabditis elegans. J. Cell Biol. 105, 2123–2135 (1987).

47. Shelton, C. A. & Bowerman, B. Time-dependent responses to glp-1-mediated
inductions in early C. elegans embryos. Development 122, 2043–2050 (1996).

LETTER RESEARCH

Macmillan Publishers Limited. All rights reserved©2010



CORRECTIONS & AMENDMENTS

ERRATUM
doi:10.1038/nature09047

The genetics of ageing
Cynthia J. Kenyon

Nature 464, 504–512 (2010)

In this review, the first line of the Figure 2 legend inadvertently states
that the arrows depict changes in gene expression. The correct state-
ment is that the arrows depict changes in gene-product activity. In the
section entitled ‘Inhibition of respiration’, the second sentence inadver-
tently states that perhaps increasing respiration extends lifespan for one
reason and inhibits it for another. The correct statement is that perhaps
increasing respiration extends lifespan for one reason, and inhibiting
respiration extends lifespan for another. In Figure 5, the pathways
involving the intestinal cell were incorrectly illustrated. The correct
figure is shown below.

Steroid signalling,

second signal

Intestinal cell

Lipase mRNA

Longevity signal to other tissues?

Empty C. elegans gonad

(no germ cells) 

Nucleus

DAF-16

KRI-1

DAF-16

DAF-16

TCER-1

Lipase

↑ tcer-1 transcription
1

1

2

6 2 2 | N A T U R E | V O L 4 6 7 | 3 0 S E P T E M B E R 2 0 0 9

Macmillan Publishers Limited. All rights reserved©2010



CORRECTIONS & AMENDMENTS

CORRIGENDUM
doi:10.1038/nature09475

Release of chromatin protein
HMGB1 by necrotic cells triggers
inflammation
Paola Scaffidi, Tom Misteli & Marco E. Bianchi

Nature 418, 191–195 (2002)

In this Letter, the volume and page numbers for reference 21 (R. S. Scott
et al.) were listed incorrectly. The correct reference details are: Scott, R. S.
et al. Phagocytosis and clearance of apoptotic cells is mediated by MER.
Nature 411, 207–211 (2001).
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CORRECTIONS & AMENDMENTS

CORRIGENDUM
doi:10.1038/nature09476

Treatment frontiers
Kerri Smith

Nature 466 (suppl.), S15–S18 (26 August 2010)

This Outlook article stated that Addex Pharmaceuticals has mGluR5
modulators in phase II trials for anxiety and depression. The company
says that its only disclosed mGluR5 inhibitor in development,
ADX48621, will soon enter phase II testing for Parkinson’s disease
levodopa-induced dyskinesia and non-Parkinson’s dystonia.
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b y  K a t h a r i n e  S a n d e r S o n

A survey of UK PhD holders three-and-
a-half years after graduation shows that 
only 2% are unable to find work, that 

more work outside academia than within it, and 
that the average PhD earns £10,000 (US$15,600) 
more than someone with just a first degree.

The poll of 2,073 doctoral graduates was 
administered by Vitae, an organization based in 
Cambridge, UK, that supports people with PhDs 
in their professional development. Scientists 

made up 72.7% of respondents: 39.7% of the 
total were in biological and biomedical sciences, 
and 33% in physical sciences and engineering. 
The results concentrate on the respondents’ 
employment sectors, salaries and assessments 
of their roles in the workplace. 

The survey provides much-needed data, says 
Liliya Bondareva, a board member of Brussels-
based organization Eurodoc, which supports 
PhD candidates and graduates throughout 
Europe. “We don’t have enough general infor-
mation about graduates, let alone what they do 

when they become postdocs,” she says. 
The results may encourage PhD students 

by showing them that their qualifications are 
useful outside academic research: a little more 
than half of the 92% of respondents who were 
in employment worked outside the higher-
education sector. This will be a surprise to 
some potential employers, says Janet Metcalfe, 
chairwoman of Vitae. “It is important to see that 
doctoral graduates are not just a contribution 
to the academic sector,” she says. Many of those 
working outside higher education reported that 
skills learned during their doctorates helped 
them to be “creative and innovative” in their 
current jobs. But there was a disconnect when 
it came to work dynamics: graduates with jobs 
in non-academic settings reported frequently 
working alone as students but in teams as pro-
fessionals. Tim Brown, former general secretary 
of the National Postgraduate Committee, a UK 
charity promoting postgraduate interests, hopes 
that highlighting this will encourage universities 
to train students properly to work in groups.

Bondareva says that the results will go a long 
way towards addressing employers’ misconcep-
tions about doctoral graduates — for example, 
that their education rarely teaches them man-
agement skills helpful in business. And Metcalfe 
hopes that they will reach those who might 
have regarded doctoral graduates as too nar-
rowly focused and too expensive to employ, 
compared with graduates fresh from their first 
degree. Such data should, she says, help policy-
makers see that people with PhDs make a use-
ful contribution to the UK economy. 

A 2002 review of UK higher education by 
physicist Gareth Roberts recommended that 
the government should fund training for PhD 
students in transferable skills such as forming 
teams, managing people and communicating 
effectively. But that ‘Roberts money’ will run out 
at the end of March 2011. Rick Rylance, cham-
pion for research careers at Research Councils 
UK in Swindon, the strategic partnership of 
Britain’s research councils, says the results of 
Vitae’s survey show that such training is useful, 
and should inform discussions among policy-
makers on how to fund graduate-student train-
ing once the Roberts money runs out.

“Tradition was that PhD graduates would 
carry on in academia, at least for some while, 
but that trend has clearly changed,” says Brown. 
With this change comes a need to prepare PhD 
candidates for life after university, he adds. ■

Katharine Sanderson is a freelance writer 
based in London.

t r a i n i n g

The career doctor
A survey of UK PhD holders shows that their skills do transfer to 
employment, and many graduates aren’t bound for academia.

N
. H

eN
d

er
s

o
N

/i
ll

u
st

r
at

io
N

 w
o

r
k

s
/c

o
r

b
is

3 0  S e p T e m b e r  2 0 1 0  |  V O L  4 6 7  |  N A T U r e  |  6 2 3

CAreerS

© 20  Macmillan Publishers Limited. All rights reserved10



Universities and their postdocs 
have a mutually beneficial rela-
tionship: universities rely on 

postdocs for the day-to-day work of the 
lab, whereas postdocs benefit from a 
chance to advance their skills and build 
a research portfolio. But the growing 
number of postdoctoral researchers in the 
United States and elsewhere brings with it 
new needs for postdocs and challenges for 
institutions. In the coming decade, faculty 
members and administrators must think 
more strategically about postdoctoral 
training, both to distinguish their insti-
tutions and to prepare their postdocs for 
a competitive job market. Several aspects 
of the postdoc experience require special 
attention, and a call to action for admin-
istrators.

The first challenge to be addressed is 
mentoring, or the lack thereof. It is a per-
ennial topic of concern, perhaps because 
academic hierarchies encourage a pub-
lish-or-perish culture that leaves little 
time for trainees to learn or seek guidance. With 
young scientists increasingly requiring guid-
ance to navigate the complex and competitive 
world of science, mentoring will increasingly be 
regarded as an important aspect of an institu-
tion’s reputation. Recent graduates will come to 
know where to go for mentorship that leads to 
a meaningful experience, strong science results 
and a desirable job. They will also know the 
places to avoid. Such reputations will affect the 
destination of talent and, subsequently, grants. 

Administrators should recognize that good 
mentoring is an acquired skill, and should help 
their faculty’s principal investigators to improve. 
Faculty members should be taught about the 
stages in developing a mentoring relationship 
— coaching versus supervision, building trust 
with protégés and postdocs’ expectations. Men-
tors can’t simply replicate the ways in which they 
were mentored — generational differences mat-
ter. For example, e-mail and social-networking 
sites have a huge impact on communicating, 
collaborating and networking with colleagues. 

Status is another looming challenge. Are 
postdocs considered students? Or staff? Both? 
Or neither? Administrators must recognize 
that not all positions are created equal. At 
many universities, postdocs who are paid from 
grants are treated as staff, whereas those who 
have their own funding or fellowships (some 

of which are competitive awards given to top 
researchers on their way to scientific independ-
ence) are classed as ‘fellows’. This bifurcation 
results in different treatment when it comes 
to medical insurance and other benefits, for 
which fellows often get the short end of the 
stick. Administrators should find out whether 
their institution’s system rewards or penalizes 
the top researchers, and consider forging poli-
cies and raising institutional funds to support 
a level playing field. 

easiNg the way
Foreign postdocs raise special considerations. 
Despite their large numbers, especially in places 
such as the United States and Britain, they often 
lack clout. Not enough is done locally or nation-
ally to support their entry to, or presence in, the 
country. The delays and repeat interviews with 
every J1 visa renewal in the United States can be 
daunting. Faculty members should learn about 
ongoing discussions of immigration reform and 
provisions that could potentially affect postdocs, 
such as reforming security clearances for scien-
tists. Administrators in the United States can 
write to their representative, NAFSA: Associa-
tion of International Educators in Washington 
DC, or their university’s government-relations 
officer to share information about the plight  
of foreign postdocs, and explain why they  

are so important for science.
The trend towards unionization in 

several US states will also affect the 
postdoctoral experience for the fore-
seeable future. Last month, the Uni-
versity of California system reached an 
agreement with PRO/UAW, the union 
representing postdocs on all the sys-
tem’s campuses. With unions in place, 
administrators, faculty members and 
postdocs alike will be working in a new 
framework that constrains the terms of 
their interactions. Unionization brings 
new fiscal and administrative require-
ments that institutions must monitor.

The final challenge is the extent of 
support services. Most universities do 
not provide postdocs with the facilities 
to which many undergraduate and post-
graduate students have grown accus-
tomed, such as counselling, activities, 
academic support and career services. 
Even though postdocs are partly train-
ees, receiving an education that prepares 

them for a chosen career, many campuses do 
not have the resources to provide such services 
for enriching and enhancing their experiences. 
The predominant model for supporting post-
docs at most universities is the one-stop ‘office 
of postdoctoral affairs’, headed by a director 
who deals with all things postdoc. Over the 
past several years, such offices have sprouted 
up in the United States at an astonishing pace. 
Although the model supports advocacy efforts 
by emphasizing the unique status of postdocs 
— hybrids between student and staff — it is 
time to introduce a new generation of insti-
tutional support, particularly as the number 
of postdocs continues to rise and their needs 
become more diverse and complex.

The postdoc situation is very different today 
from what it was a decade ago. And ten years 
hence, it will look drastically different again. 
Universities are at a critical juncture, with new 
policies and the potential for new laws that will 
affect how organizations conduct post-PhD 
training. Science administrators must take 
stock and map the road through which they 
wish to navigate their institutions and their 
postdocs — or they might just get lost. ■

Rania Sanford is the assistant dean of postdoc 
affairs at Stanford University School of 
Medicine in Palo Alto, California.

columN
How to navigate the road ahead
University administrators need to understand growing trends if they are to train their 
postdocs properly and still advance their research efforts, argues Rania Sanford. 
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BIOSCIENCE-RELATED OCCUPATIONAL
EMPLOYMENT IN  TENNESSEE, 2008
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DRUG AND PHARMACEUTICAL SECTOR
• In 2008, 738 bioscience firms were registered in Tennessee. Of these, 27 specialized in pharmaceuticals, 46 
in feedstock and chemicals, 268 in medical equipment and 397 in research and medical laboratories.

• In 2009, the University of Tennessee (UT) issued 17 technology licences to firms including GTx, a start-up in 
Memphis with roots at the UT Health Science Center. That year, 546 clinical trials were begun in the state. Of 
those now under way, 182 are for cancer treatments, 133 for heart disease and 105 for neurological disorders.

BUSINESS AND COMMERCE
• In 2008, the bioscience industry in Tennessee employed 25,717 people, an increase of 25.7% since 2001. 
Workers in the industry had an average annual wage of $69,534.

• The UT–Baptist Research Park, a $450-million project under construction in Memphis, will provide 130,000 
square metres of space for bioscience research, education and business, and will generate 5,000 jobs.

• Graceland, Elvis Presley’s former estate in Memphis, welcomes more than 600,000 tourists annually, making 
it one of the most visited private homes in the United States (after the White House).

RESEARCH AND ACADEMIA
• In 2007, Vanderbilt University ranked 
tenth among US medical schools for 
National Institutes of Health funding, 
with a portfolio of US$282.3 million.

• St Jude Children’s Research Hospital 
was named the nation’s top children’s 
cancer hospital for 2010–11 by U.S. 
News & World Report. Of its 205 faculty 
members, 126 are designated as 
‘research’ and 79 as ‘clinical’, although 
many clinicians also conduct research.

• Oak Ridge National Laboratory has 
more than 4,800 sta�, including 
1,000 PhD researchers and almost 
1,000 postdocs, students and 
technicians. With annual funding of 
more than $1.65 billion, the Department 
of Energy facility works in six areas: 
neutron science, energy, computing, 
systems biology, materials science and 
national security.

b y  L a u r a  C a S S i d a y

Known to music lovers as the capital of country and a birthplace of the blues, Tennessee has a 
history of creativity — and not just in music. In 1943, more than a decade before Elvis Presley 
entered a Memphis studio to record his first hit, some of the greatest scientists of the twentieth 

century converged in secret in the hills of Oak Ridge, Tennessee, to develop the atomic bomb. One 
of four major sites of the Manhattan Project, the Oak Ridge facility harnessed the abundant hydro-
electric power of the Tennessee Valley Authority to enrich uranium for weapons. Now the research 
focus of Oak Ridge National Laboratory has shifted from weapons development to a variety of other 
energy-related topics. Bioscience is also burgeoning in the state, which is home to several major 
universities including Vanderbilt University in Nashville and five campuses of the University of Ten-
nessee, as well as the world-renowned St Jude Children’s Research Hospital in Memphis.

by the Numbers
Tennessee

The director 
of the Oak 
Ridge National 
Laboratory 
(ORNL) discusses 
Tennessee’s 
opportunities 
and challenges.

What are the best and worst things 
about working at the ORNL?
our strength is our large scale. we have 
big facilities, such as the spallation 
Neutron source and the National 
leadership computing Facility. we 
tackle problems with teams of people 
from different disciplines. but there is 
bureaucracy with anything this large 
and complicated. You have more 
management and less autonomy 
than a researcher in academia. the 
challenge is to not get overwhelmed.

Who is most needed at the ORNL?
we want a range of skills, from 
fundamental to applied research. 
we’ve been hiring everyone from 
established researchers to postdocs 
and people starting their careers. 

Are opportunities growing?
in the past year, the orNl has hired 
about 250 researchers, driven by 
growth in our big programmes, such 
as high-performance computing and 
our neutron facilities, and employee 
turnover. there are a lot of people 
who joined in the 1970s, and many 
are becoming eligible for retirement.

What are the pros and cons of being 
a scientist in Tennessee?
after the second world war, there 
was a debate about whether to keep 
a lab here. one side said there had 
been a huge investment, with the 
world’s first research nuclear reactor, 
and we needed to use it. the other 
said people came here during the war 
but would want to go home. but the 
orNl was started, and the isolation 
of the 1940s is less relevant now 
because we have the internet and 
air travel. we have advantages here 
in cost of living and quality of life. it 
is less crowded. there are lakes and 
rivers and mountains. For people who 
are starting their careers and raising 
families, there is a lot to like. L.C.

Q&a
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M a r k o  J a n k o v i c

Over here! On the paper! Finally … 
I thought for sure no one would 
notice. I mean, it’s science fiction — 

nobody reads that! But I digress. Now, please 
listen — or, rather, read — carefully to what I 
have to say. I don’t have much time.

My name is Stephen Banks. For seven 
years I worked at MIT. I had it all — a Har
vard degree (top of my class, I might add), 
tenure by the age of 38, fellowships with 
two renowned European universities and 
numerous quality papers published in emi
nent journals. To top it all off, I lived in a 
big house an hour’s ride from Cambridge, 
with my beautiful wife Helen and our golden 
retriever Lady. Waking up every morning to 
the sound of birds nesting in the tree on our 
front lawn, and going to bed every night 
caressed by the gentle kisses of my darling 
spouse was everything to me — that was the 
American dream, as far as I’m concerned.

Oh, enough with the sardonic face, you 
materialist! Surprised, eh? How could I have 
known what expression your ignorant visage 
had? Continue reading, and I’ll tell you.

Two years ago, I got a National Science 
Foundation award for patenting the Bipha
sic Isomorph Teleporter, BIT for short. It’s 
quite simple, actually — the main thing is to 
bypass the tachyon polarity laws by invert
ing the … Yes. Well. In a few words, I made a 
machine that could teleport inorganic mole
cules relatively short distances, but could 
also, in the process of teleportation, make 
organic substances out of the given atoms, 
if instructed to do so.

Don’t bang your head on it. 
A couple of months after the award 

ceremony, a certain Janet Martinez 
contacted me by phone and said 
it had something to do with my 
invention — words like funding and 
mass production echoed through 
my head rather nicely. How very 
Mata Hari of her, I thought, when 
she suggested we meet in a remote 
park on the outskirts of Cam
bridge to discuss her offer. When 
we finally met, she flashed a badge 
and told me she worked for the 
government — the CIA, to be 
exact — offering me a full
time job with a sixfigure 
pay cheque. I hesitated, 
but her eloquence and fine 
choice of the ‘youcertainly

wanttokeepyourfamilysafe’ syntagma 
persuaded me to accept. 

Even now I don’t know how I persuaded 
my wife to move — the cover story was that 
I got reassigned to lead a newly formed MIT 
vanguardlab near Lansing, Michigan. As 
weeks passed, Helen got used to it — but not 
me. CIA henchwoman Janet contacted me 
just as the last truck with our stuff arrived. 
“Take the E55, second exit, head north for 
10 minutes. The white farmhouse. Be there 
tomorrow, 8 a.m. sharp.” I didn’t know what 
I was getting myself into, but it felt bad. 

I am getting to the point! And, yes — I can 
read your mind. Now, settle down or I’ll have 
to cuff and whip you, or whatever it is your 
partner did last Friday. 

The farmhouse was a farmhouse only 
on the outside. Beneath the muddy snow
covered acres of infertile soil, Janet showed 
me even more acres of research labs, jaw
dropping technology, myriad stereotype 
whitedressed scientists and all the panoply 
of mankind’s achievements. 

I was in awe and still trying to com
prehend the magnitude of the 
place, when she took me to the 
man in charge. Thomas Bellock. 

Remember the name, reader, remember it 
well — he is the brains behind it all. With 
a quick handshake, a cigar lit up and some 
whiskey on the rocks, Bellock offered me 
a job as the man who would lead the USA 
to new levels of glory. “What am I to do?” I 
asked, not without a shiver, as the experience 
filled me with silent dread, as well as respect
ful admiration. Bellock puffed a big, silver
blue cloud of Cuba at me and said: “Teleport 
our bombs to the world.”

I agreed to play their game. I tried to 
sound interested, enthusiastic even, in 
responding to their mad suggestion. By day 
I pondered over the laws of physics and how 
to bend them to my will and task — by night, 
however, I planned my escape. Since then, I 
was mens et manus, as we used to say at my 
alma mater, in constructing the father of all 
teleports. 

It’s Latin! I’ll … I’ll explain it later, now 
listen! Time’s running short! Curse my elon
gated narrative ways!

They wouldn’t let me leave Michigan 
(and they controlled all my emails 

and phone calls), so I sent my wife 
via Florida, to her mother, and 
said I’d come visit as soon as I’d 
finished my work — educating 
‘young and eager minds in rela
tivistic physics’ was the excuse 

they instructed me to employ. 
I returned to the farmhouse and 

put the finishing touches on my real 
work — my masterpiece — the BIT that 

can teleport not only dead molecules, but 
life itself!

That’s the whole story. Three days ago I 
stepped into the machine and, as I did not 
have a receiverpiece anywhere, my only 
hope was to beam myself out into the ether 
and hope for the best. Little did I know that 
the apparatus worked both ways — my mind 
was transmorphed into letters … And then, 
you came.

So, now you know. And with that knowl
edge, you have a vital mission — to warn the 
world and tell everyone about the plot! The 
ludicrous plans of world domination must 
be stopped! No! Wait, what are you doing?! 

Don’t close the page! Don’t go! Don’t … ■

Marko Jankovic is a fourth-
year medical student who 

sometimes puts down 
the stethoscope and 
takes up the pen in the 
name of science fiction. 
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doi:10.1038/nature09410

Hundreds of variants clustered in genomic loci and
biological pathways affect human height
A full list of authors and their affiliations appears at the end of the paper.

Most common human traits and diseases have a polygenic pattern
of inheritance: DNA sequence variants at many genetic loci influ-
ence the phenotype. Genome-wide association (GWA) studies have
identified more than 600 variants associated with human traits1,
but these typically explain small fractions of phenotypic variation,
raising questions about the use of further studies. Here, using
183,727 individuals, we show that hundreds of genetic variants,
in at least 180 loci, influence adult height, a highly heritable and
classic polygenic trait2,3. The large number of loci reveals patterns
with important implications for genetic studies of common human
diseases and traits. First, the 180 loci are not random, but instead
are enriched for genes that are connected in biological pathways
(P 5 0.016) and that underlie skeletal growth defects (P , 0.001).
Second, the likely causal gene is often located near the most
strongly associated variant: in 13 of 21 loci containing a known
skeletal growth gene, that gene was closest to the associated variant.
Third, at least 19 loci have multiple independently associated
variants, suggesting that allelic heterogeneity is a frequent feature
of polygenic traits, that comprehensive explorations of already-
discovered loci should discover additional variants and that an
appreciable fraction of associated loci may have been identified.
Fourth, associated variants are enriched for likely functional
effects on genes, being over-represented among variants that alter
amino-acid structure of proteins and expression levels of nearby
genes. Our data explain approximately 10% of the phenotypic
variation in height, and we estimate that unidentified common
variants of similar effect sizes would increase this figure to approxi-
mately 16% of phenotypic variation (approximately 20% of
heritable variation). Although additional approaches are needed
to dissect the genetic architecture of polygenic human traits fully,
our findings indicate that GWA studies can identify large numbers
of loci that implicate biologically relevant genes and pathways.

In stage 1 of our study, we performed a meta-analysis of GWA data
from 46 studies, comprising 133,653 individuals of recent European
ancestry, to identify common genetic variation associated with adult
height. To enable meta-analysis of studies across different genotyping
platforms, we performed imputation of 2,834,208 single nucleotide
polymorphisms (SNPs) present in the HapMap Phase 2 European–
American reference panel4. After applying quality control filters, each
individual study tested the association of adult height with each SNP
using an additive model (Supplementary Methods). The individual
study statistics were corrected using the genomic control method5,6

and then combined in a fixed effects based meta-analysis. We then
applied a second genomic control correction on the meta-analysis
statistics, although this approach may be overly conservative when
there are many real signals of association (Supplementary Methods).
We detected 207 loci (defined as 1 megabase (Mb) on either side of the
most strongly associated SNP) as potentially associated with adult
height (P , 5 3 1026).

To identify loci robustly associated with adult height, we took for-
ward at least one SNP (Supplementary Methods) from each of the 207
loci reaching P , 5 3 1026 into an additional 50,074 samples (stage 2)
that became available after completion of our initial meta-analysis. In

the joint analysis of our stage 1 and stage 2 studies, SNPs representing
180 loci reached genome-wide significance (P , 5 3 1028; Supplemen-
tary Figs 1 and 2 and Supplementary Table 1). Additional tests, including
genotyping of a randomly-selected subset of 33 SNPs in an independent
sample of individuals from the fifth to tenth and ninetieth to ninety-fifth
percentiles of the height distribution (n 5 3,190)7, provided further
validation of our results, with all but two SNPs showing consistent
direction of effect (sign test P , 7 3 1028) (Supplementary Methods
and Supplementary Table 2).

Genome-wide association studies can be susceptible to false positive
associations from population stratification7. We therefore performed a
family-based analysis, which is immune to population stratification, in
7,336 individuals from two cohorts with pedigree information. Alleles
representing 150 of the 180 genome-wide significant loci were associated
in the expected direction (sign test P , 6 3 10220; Supplementary
Table 3). The estimated effects on height were essentially identical in
the overall meta-analysis and the family-based sample. Together with
several other lines of evidence (Supplementary Methods), this indicates
that stratification is not substantially inflating the test statistics in our
meta-analysis.

Common genetic variants have typically explained only a small pro-
portion of the heritable component of phenotypic variation8. This is
particularly true for height, where more than 80% of the variation within
a given population is estimated to be attributable to additive genetic
factors9, but over 40 previously published variants explain less than 5%
of the variance10–17. One possible explanation is that many common
variants of small effects contribute to phenotypic variation, and current
GWA studies remain underpowered to detect most common variants.
Using five studies not included in stage 1, we found that the 180 associated
SNPs explained on average 10.5% (range 7.9–11.2%) of the variance in
adult height (Supplementary Methods). Including SNPs associated with
height at lower significance levels18 (0.05.P . 5 3 1028) increased
the variance explained to 13.3% (range 9.7–16.8%) (Fig. 1a). In addition,
we found no evidence that non-additive effects including gene–
gene interaction would increase the proportion of the phenotypic vari-
ance explained (Supplementary Methods and Supplementary Tables 5
and 6).

As a separate approach, we used a recently developed method19 to
estimate the total number of independent height-associated variants
with effect sizes similar to the ones identified. We obtained this estimate
using the distribution of effect sizes observed in stage 2 and the power to
detect an association in stage 1, given these effect sizes (Supplementary
Methods). The cumulative distribution of height loci, including those
we identified and others as yet undetected, is shown in Fig. 1b. We
estimate that there are 697 loci (95% confidence interval: 483–1040)
with effects equal or greater than those identified, which together would
explain approximately 15.7% of the phenotypic variation in height or
19.6% (95% confidence interval: 16.2–25.6) of height heritability (Sup-
plementary Table 4). We estimated that a sample size of 500,000 would
detect 99.6% of these loci at P , 5 3 1028. This figure does not account
for variants that have effect sizes smaller than those observed in the
current study and, therefore, underestimates the contribution of un-
discovered common genetic variants to phenotypic variation.
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A further possible source of missing heritability is allelic heterogen-
eity: the presence of multiple, independent variants influencing a trait
at the same locus. We performed genome-wide conditional analyses in
a subset of stage 1 studies, including a total of 106,336 individuals. Each
study repeated the primary GWA analysis but additionally adjusted for
SNPs representing the 180 loci associated at P , 5 3 1026 (Sup-
plementary Methods). We then meta-analysed these studies in the same
way as for the primary GWA study meta-analysis. Nineteen SNPs
within the 180 loci were associated with height at P , 3.3 3 1027 (a
Bonferroni-corrected significance threshold calculated from the ap-
proximately 15% of the genome covered by the conditioned 2 Mb loci;
Table 1, Fig. 2, Supplementary Methods and Supplementary Figs 1
and 3). The distances of the second signals to the lead SNPs suggested
that both are likely to be affecting the same gene, rather than being
coincidentally in close proximity. At 17 of 17 loci (excluding two
contiguous loci in the HMGA1 region), the second signal occurred
within 500 kilobases (kb), rather than between 500 kb and 1 Mb, of
this lead SNP (binomial test P 5 2 3 1025). Further analyses of allelic
heterogeneity may identify additional variants that increase the pro-
portion of variance explained. For example, within the 180 2-Mb loci,
a total of 45 independent SNPs reached P , 1 3 1025 when we would
expect less than 2 by chance.

Although GWA studies have identified many variants robustly asso-
ciated with common human diseases and traits, the biological signifi-
cance of these variants, and the genes on which they act, is often unclear.
We first tested the overlap between the 180 height-associated variants
and two types of putatively functional variants, non-synonymous (ns)
SNPs and cis-expression quantitative trait loci (cis-eQTLs, variants
strongly associated with expression of nearby genes). Height variants
were 2.4-fold more likely to overlap with cis-eQTLs in lymphocytes
than expected by chance (47 variants: P 5 4.7 3 10211) (Supplemen-
tary Table 7) and 1.7-fold more likely to be closely correlated (r2 $ 0.8 in
the HapMap CEU sample) with nsSNPs (24 variants, P 5 0.004) (Sup-
plementary Methods and Supplementary Table 8). Although the
presence of a correlated cis-eQTL or nsSNP at an individual locus
does not establish the causality of any particular variant, this enrich-
ment shows that common functional variants contribute to the causal
variants at height-associated loci. We also noted five loci where the
height associated variant was strongly correlated (r2.0.8) with var-
iants associated with other traits and diseases (P , 5 3 1028), includ-
ing bone mineral density, rheumatoid arthritis, type 1 diabetes,
psoriasis and obesity, suggesting that these variants have pleiotropic
effects on human phenotypes (Supplementary Methods and Sup-
plementary Table 9).
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explained by the 180 SNPs is shown in the column to the right of the graph.
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wide significance in stage 1, were replicated in stage 2 and had at least 1% power.

Table 1 | Secondary signals at associated loci after conditional analysis

Second signal SNP Conditioned SNP Chromosome
Second signal SNP
position

Distance of conditioned SNP
from index SNP (base pairs) HapMap* r

2
Second signal P value
after conditioning

Second signal P value
pre-conditioning Gene{

rs2280470 rs16942341 15 87,196,630 6,721 0.009 1 3 10214 1 3 10215 ACAN
rs10859563 rs11107116 12 92,644,470 141,835 0.003 3 3 10212 8 3 10210 SOCS2
rs750460 rs5742915 15 72,028,559 95,127 0.004 4 3 10212 7 3 1028 PML
rs6938239 rs2780226{ 6 34,791,613 484,583 0.019 6 3 10212 9 3 10214 HMGA1
rs7652177 rs572169 3 173,451,771 196,650 0.006 7 3 10211 1 3 10211 GHSR
rs7916441 rs2145998 10 80,595,583 196,119 0.112 6 3 10210 3 3 1027 PPIF
rs3792752 rs1173727 5 32,804,391 61,887 0.020 7 3 10210 4 3 1028 NPR3
rs10958476 rs7460090 8 57,258,362 98,355 0.020 1 3 1029 5 3 10213 SDR16C5
rs2353398 rs7689420 4 145,742,208 45,594 0.022 2 3 1029 1 3 10210 HHIP
rs2724475 rs6449353 4 17,555,530 87,056 0.098 2 3 1029 8 3 10216 LCORL
rs2070776 rs2665838 17 59,361,230 41,033 0.150 9 3 1029 1 3 10214 GH region
rs1401796 rs227724 17 52,194,758 60,942 0.005 2 3 1028 7 3 1027 NOG
rs4711336 rs2780226{ 6 33,767,024 540,046 0.111 3 3 1028 5 3 1028 HMGA1
rs6892884 rs12153391 5 170,948,228 187,815 0.000 4 3 1028 2 3 1025 FBXW11
rs1367226 rs3791675 2 55,943,044 21,769 0.204 4 3 1028 0.1245 EFEMP1
rs2421992 rs17346452 1 170,507,874 187,964 0.019 5 3 1028 1 3 1025 DNM3
rs225694 rs7763064 6 142,568,835 270,147 0.001 1 3 1027 2 3 1026 GPR126
rs10187066 rs12470505 2 219,223,003 393,610 0.022 2 3 1027 5 3 1028 IHH
rs879882 rs2256183 6 31,247,431 241,077 0.016 2 3 1027 8 3 1028 MICA

*HapMap CEU phase II release 23. {Nearest gene unless there is a known skeletal growth disorder gene in the locus. Positions are based on National Center for Biotechnology Information build 36. {Nearest
conditioned SNP where second signal occurs within 1 Mb of two conditioned SNPs.
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We next addressed the extent to which height variants cluster near
biologically relevant genes; specifically, genes mutated in human syn-
dromes characterized by abnormal skeletal growth. We limited this
analysis to the 652 genes occurring within the recombination hotspot-
bounded regions surrounding each of the 180 index SNPs. We showed
that the 180 loci associated with variation in normal height contained
21 of 241 genes (8.7%) found to underlie such syndromes (Supplemen-
tary Fig. 1 and Supplementary Table 10), compared with a median of 8
(range 1–19) genes identified in 1,000 matched control sets of regions
(P , 0.001: 0 observations of 21 or more skeletal growth genes among
1,000 sets of matched SNPs). In 13 of these 21 loci the closest gene to
the most associated height SNP in the region is the growth disorder
gene, and in nine of these cases the most strongly associated height
SNP is located within the growth disorder gene itself (Supplementary
Methods and Supplementary Table 11). These results suggest that
GWA studies may provide more clues about the identity of the func-
tional genes at each locus than previously suspected.

We also investigated whether significant and relevant biological con-
nections exist between the genes within the 180 loci, using two different
computational approaches. We used the GRAIL text-mining algorithm
to search for connectivity between genes near the associated SNPs,
based on existing literature20. Of the 180 loci, 42 contained genes that
were connected by existing literature to genes in the other associated
loci (the pair of connected genes appear in articles that share scientific
terms more often than expected at P , 0.01). For comparison, when we
used GRAIL to score 1,000 sets of 180 SNPs not associated with height
(but matched for number of nearby genes, gene proximity and allele
frequency), we only observed 16 sets with 42 or more loci with a con-
nectivity P , 0.01, thus providing strong statistical evidence that the
height loci are functionally related (P 5 0.016) (Fig. 3a). For the 42
regions with GRAIL connectivity P , 0.01, the implicated genes and
SNPs are highlighted in Fig. 3b. The most strongly connected genes
include those in the Hedgehog, TGF-b and growth hormone pathways.

As a second approach to find biological connections, we applied a
novel implementation of gene set enrichment analysis (meta-analysis
gene-set enrichment of variant associations, MAGENTA21) to perform
pathway analysis (Supplementary Methods). This analysis revealed 17
different biological pathways and 14 molecular functions nominally
enriched (P , 0.05) for associated genes, many of which lie within the
validated height loci. These gene-sets include previously reported11,13

(for example, Hedgehog signalling) and novel (for example, TGF-b
signalling, histones, and growth and development-related) pathways
and molecular functions (Supplementary Table 12). Several SNPs near
genes in these pathways narrowly missed genome-wide significance,
suggesting that these pathways likely contain additional associated
variants. These results provide complementary evidence for some of
the genes and pathways highlighted in the GRAIL analysis. For
instance, genes such as TGFB2 and LTBP1-3 highlight a role for the
TGF-b signalling pathway in regulating human height, consistent with
the implication of this pathway in Marfan syndrome22.

Finally, to examine the evidence for the potential involvement of
specific genes at individual loci, we aggregated evidence from our data
(expression quantitative trait loci, proximity to the associated variant,
pathway-based analyses), and human and mouse genetic databases
(Supplementary Table 13). Of 32 genes with highly correlated
(r2.0.8) nsSNPs, several are newly identified strong candidates for
playing a role in human growth. Some are in pathways enriched in our
study (such as ECM2, implicated in extracellular matrix), whereas
others have similar functions to known growth-related genes, includ-
ing FGFR4 (FGFR3 underlies several classic skeletal dysplasias23) and
STAT2 (STAT5B mutations cause growth defects in humans24).
Interestingly, Fgfr42/2 Fgfr32/2 mice show severe growth retardation
not seen in either single mutant25, suggesting that the FGFR4 variant
might modify FGFR3-mediated skeletal dysplasias. Other genes at
associated loci, such as NPPC and NPR3 (encoding the C-type
natriuretic peptide and its receptor), influence skeletal growth in mice
and will likely also influence human growth17. Many of the remaining
180 loci have no genes with obvious connections to growth biology, but
at some our data provide modest supporting evidence for particular
genes, including C3orf63, PML, CCDC91, ZNFX1, ID4, RYBP, SEPT2,
ANKRD13B, FOLH1, LRRC37B, MFAP2, SLBP, SOCS5 and ZBTB24
(Supplementary Table 13).

We have identified more than 100 novel loci that influence the classic
polygenic trait of normal variation in human height, bringing the total to
180. Our results have potential general implications for genetic studies of
complex traits. We show that loci identified by GWA studies highlight
relevant genes: the 180 loci associated with height are non-randomly
clustered within biologically relevant pathways and are enriched for
genes that are involved in growth-related processes, that underlie syn-
dromes of abnormal skeletal growth and that are directly relevant to
growth-modulating therapies (GH1, IGF1R, CYP19A1, ESR1). The large
number of loci with clearly relevant genes suggests that the remaining
loci could provide potential clues to important and novel biology.
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We provide the strongest evidence yet that the causal gene will often
be located near the most strongly associated DNA sequence variant. At
the 21 loci containing a known growth disorder gene, that gene was on
average 81 kb from the associated variant, and in over half of the loci it
was the closest gene to the associated variant. Despite recent doubts
about the benefits of GWA studies26, this finding suggests that GWA
studies are useful mapping tools to highlight genes that merit further
study. The presence of multiple variants within associated loci could
help localize the relevant genes within these loci.

By increasing our sample size to more than 100,000 individuals, we
identified common variants that account for approximately 10% of
phenotypic variation. Although larger than predicted by some models26,
this figure suggests that GWA studies, as currently implemented, will
not explain most of the estimated 80% contribution of genetic factors to
variation in height. This conclusion supports the idea that biological
insights, rather than predictive power, will be the main outcome of
this initial wave of GWA studies, and that new approaches, which
could include sequencing studies or GWA studies targeting variants of
lower frequency, will be needed to account for more of the ‘missing’
heritability. Our finding that many loci exhibit allelic heterogeneity
suggests that many as yet unidentified causal variants, including com-
mon variants, will map to the loci already identified in GWA studies,
and that the fraction of causal loci that have been identified could be
substantially greater than the fraction of causal variants that have been
identified.

In our study, many associated variants are tightly correlated with
common nsSNPs, which would not be expected if these associated com-
mon variants were proxies for collections of rare causal variants, as has
been proposed27. Although a substantial contribution to heritability by
less common and/or quite rare variants may be more plausible, our data
are not inconsistent with the recent suggestion28 that many common
variants of very small effect mostly explain the regulation of height.

In summary, our findings indicate that additional approaches,
including those aimed at less common variants, will likely be needed
to dissect more completely the genetic component of complex human
traits. Our results also strongly demonstrate that GWA studies can

identify many loci that together implicate biologically relevant path-
ways and mechanisms. We envisage that thorough exploration of the
genes at associated loci through additional genetic, functional and
computational studies will lead to novel insights into human height
and other polygenic traits and diseases.

METHODS SUMMARY
A summary of the methods, together with a full description of genome-wide
association analyses and follow-up analyses of loci and variants, can be found in
Supplementary Information.
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