
Standard issue
The industry behind direct-to-consumer gene tests needs to establish guidelines for its wares.

The burgeoning, but virtually unregulated, direct-to-consumer 
(DTC) genetic-testing industry faces some serious changes in 
the United States. In a series of hearings last month, the US 

Food and Drug Administration (FDA) hinted that it will impose new 
regulations on companies selling such tests. The agency has also sent 
letters to test makers, as well as to one maker of the gene chips on 
which many such tests rely, saying that the firms are not in compli-
ance with its rules.

In addition, the Government Accountability Office (GAO) last 
month unveiled the findings of its year-long investigation into the sci-
entific validity, safety and utility of the gene tests used by the industry. 
The report called some of the tests misleading, pointing out inconsist-
encies in the results they provided, as well as some companies’ shady 
marketing practices. Although industry supporters have protested that 
the GAO’s report lacked transparency and wrongly lumped good com-
panies in with bad, it did bring the need for regulation into political and 
public view. Similar hearings held four years ago — also paired with a 
damning GAO report — led to a tempest that quietly petered out. That 
is unlikely to happen this time, if only because more genetic-testing 
companies now exist, making the market harder to ignore.

It remains unclear exactly what the FDA’s new regulations might 

look like or when they might arrive (see page 816), which leaves the 
industry in a high state of uncertainty. Rather than just waiting for 
the FDA’s edict, the DTC companies should start working together on 
their own industry-wide standards for the tests. This would not only 
show that the industry cares about quality of service and the integ-
rity of its own members, but would provide regulators with concrete 
information about how various standards work in the real world.

Although there have been attempts to create such industry stand-
ards before, consensus has been elusive — in part because competitive 
interests have kept companies from agreeing on what constitutes a 
well-validated genetic test. That is an indulgence that the industry can 
no longer afford. Leading firms should guide the industry towards a 
set of universally accepted and scientifically informed guidelines to 
ensure that tests from different companies provide comparable results 
— or at least, transparently explaining why they might not — and a 
set of best practices for marketing.

Such a move would not and should not take the place of formal 
FDA regulation. But it would give FDA officials something to work 
with in crafting their regulations. That would make it more likely 
that the rules they develop will help foster and encourage innovation, 
rather than being more restrictive than is warranted. ■

Cheap shots
Republican criticism of stimulus-funded science 
projects is ill-informed and wide of the mark.

Critics of US President Barack Obama have delighted in picking 
out projects funded by last year’s $787-billion economic-stimu-
lus package that they believe are examples of waste. So it was no 

surprise when Republican senators John McCain (Arizona) and Tom 
Coburn (Oklahoma) issued a report on 3 August called Summertime 
Blues: 100 Stimulus Projects that Give Taxpayers the Blues. 

McCain, his party’s presidential candidate in 2008, and Coburn, 
a physician by training, sound an ostensibly responsible tone in the 
report, arguing that taxpayers deserve a stimulus that rebuilds the 
economy in a way that expands opportunities for future generations. 
They claim that the 100 stimulus projects on their list — among them 
more than a dozen science-related grants — are money-wasting 
endeavours that fail to meet that goal.

Certainly, such gargantuan public spending deserves close scrutiny. 
But a look at McCain and Coburn’s discussion of the science projects 
on their list suggests that their analyses are at best superficial, and at 
worst just a series of cheap shots.

For instance, item 6 is called “Ants Talk. Taxpayers Listen”. It dis-
cusses a five-year, $1.9-million study funded by the National Science 
Foundation (NSF) and based at the California Academy of Sciences in 

San Francisco. McCain and Coburn ridicule the project for its ambi-
tion to capture, photograph and analyse some 3,000 species of ant on 
islands in the southwest Indian Ocean. They don’t mention that the 
study is so far from America’s shores for biodiversity reasons, but could 
eventually encompass ants worldwide. Nor do they note — as the 
investigators explain in an award abstract on the NSF website — that 
ant diversity is a leading indicator of habitat quality in conservation 
biology. So a better understanding of the history and genetics of ants 
could pave the way for better-informed conservation decisions.

Another target is “Monkeys Get High for Science”, which refers to 
a $144,541-project funded by the National Institutes of Health and 
based at Wake Forest University in Winston-Salem, North Carolina. 
The study monitors cocaine self-administration in monkeys. Recent 
work has suggested a link between addiction and glutamate activity 
in the brain, so the researchers are examining how certain glutamate 
receptors change during and after cocaine exposure. The ultimate 
goal is more effective treatment for addicts. But McCain and Coburn 
mention none of this, instead asking “how studying drug-crazed pri-
mates would improve the national economy”.

Granted, neither the stimulus nor the science it funds is beyond 
criticism. Yet the science projects, at least, have survived peer review, 
which tends to be a far more sceptical and rigorous vetting process 
than anything McCain and Coburn are likely to provide. US scientists 
should remember that, and not be cowed by a report that aims to 
embarrass the Obama administration and unseat Democrats in this 
year’s midterm election. ■
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InfectIous dIsease

Bat blight
Science 329, 679–682 (2010); 
Emerging Infect. Dis. 16, 1237–1242 (2010) 
Bad news from the bat cave: white-nose syndrome, a fungus 
that has been killing hibernating bats in eastern North 
America, could soon lead to regional extinctions. A team led 
by Winifred Frick at the University of Santa Cruz in California 
modelled the effect of the disease in the little brown bat 
(Myotis lucifugus) over the next 100 years, using data from 
22 bat populations in 5 US states. The researchers found a 
99% chance of regional extinction for this species in the next 
16 years if infection and death rates stay as they are now.

Meanwhile, Gudrun Wibbelt at the Leibniz Institute for 
Zoo and Wildlife Research in Berlin, Germany, and her 
colleagues discovered the fungus, Geomyces destructans 
(pictured colonizing bat hair, right panel), in five bat 
species sampled in Germany, Switzerland and Hungary 
(mouse-eared bat with white-nose syndrome, left panel). 
Their survey suggests that white-nose syndrome is 
widespread in Europe — but bats do not die of the disease. 
This could be because their colonies tend to be smaller, or 
because they co-evolved with the fungus. Learning how 
they live with the fungus could help ecologists to manage 
the outbreak across the pond.

GenetIcs

Where pain 
lives

Genome Res. doi:10.1101/
gr.104976.110 (2010)

Nerve damage such as that 
caused by surgery can result 

in chronic pain, but the factors 
controlling its severity are largely unknown. 

After years of genetic mapping, Ariel 
Darvasi of the Hebrew University of Jerusalem 
in Israel and his colleagues have isolated a 

aGeInG

delayed damage
Proc. Natl Acad. Sci. USA doi:10.1073/
pnas.1002220107 (2010)
Exercise and drastic dieting known as caloric 
restriction are known to have anti-ageing 
effects in the brain. Work in mice now 
suggests that the lifestyle changes preserve 
communication between nerves and 
muscles.

Jeff Lichtman and Joshua Sanes of Harvard 
University in Cambridge, Massachusetts, 
and their colleagues studied the connections 
between nerves and muscles in mice. These 
junctions deformed and deteriorated as 
mice aged, but cutting calories by 40% for 
life after the mice reached 16 weeks of age 
lessened the damage. Exercise also reduced 
age-related decline, and a month of frequent 

PaLaeontoLoGY

small, soft, silurian
Biol. Lett. doi:10.1098/rsbl.2010.0540 (2010)
Hard-bodied aquatic filter feeders called 
lophophorates are often found in the fossil 
record, but soft-bodied examples are rare. 
Now Mark Sutton of Imperial College 
London and his colleagues describe a tiny 
specimen from around 425 million years ago, 
during the Silurian period.

The 1.7-millimetre-long Drakozoon 
kalumon (pictured) has a conical body 
partly enclosed by a broad hood, 
and was found attached to the shell 
of a hard-bodied brachiopod. 
Coincidentally, Drakozoon may 
actually be a primitive relative 
of the brachiopods.

Its relative absence from the 
fossil record could well be a 
preservation bias, the authors 
suggest, and the invertebrate 
could have been a significant 
part of the Palaeozoic 
lophophorate community.

sPectRoscoPY

ultraviolet combs
Phys. Rev. Lett. 105, 063001 (2010)
Modern atomic clocks and our knowledge 
of fundamental physical constants both 
depend on precise measurements of the 

gene that seems to contribute to chronic 
pain in a mouse model of human disorders 
such as phantom limb pain, which is often 
experienced by amputees. The gene, Cacng2, 
encodes a protein believed to interact with 
neuronal receptors. 

A seizure-prone mouse strain known as 
stargazer with a mutation in this gene has, 
the researchers found, a high propensity for 
neuropathic pain. In humans, the team found 
variations in the CACNG2 genetic region 
that are associated with chronic pain after 
mastectomy. 

radiation emitted by atoms or molecules. 
Such high-resolution spectroscopy is made 
possible by the frequency comb laser, which 
generates an array — or comb — of photons 
at regular, finely spaced and well defined 
frequencies.  

Kjeld Eikema and his colleagues at the Free 
University of Amsterdam have, for the first 
time, performed spectroscopy experiments 
with a frequency comb laser in the extreme 
ultraviolet region of the spectrum, down to 
wavelengths of 51 nanometres — beating the 

previous record of 125 nanometres. 
The results might be extended 
to create X-ray combs, and 
could also be used to make 
precision tests of the theory of 

quantum electrodynamics, 
the researchers say. 
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Ian Howat  
ohio state university, columbus

a glaciologist ponders iceberg 
calving from a safe distance.

If the sea level rises catastrophically, 
it will be due to rapid retreat of 
Earth’s ice sheets. At the perimeter 
of these sheets, where warm, saline 
waters meet flowing ice, complex 
processes occur, including the 
fracturing of ice to form icebergs 
— a process known as calving. 
Calving is poorly understood owing 
to a lack of detailed observations: 
researchers willing to install 
instruments in frigid water beneath 
a continually collapsing wall of ice 
that is prone to frequent floods of 
meltwater have been scarce.

To better understand calving, 
Jason Amundsen at the University 
of Alaska Fairbanks and his 
colleagues took a clever, and much 
safer, approach. They deployed an 
impressive array of instruments 
several kilometres from the calving 
front on and near Jakobshavn 
Isbræ, one of Greenland’s largest 
glaciers. They then ‘listened’ 
to the sounds of calving using 
sophisticated audio equipment, 
‘watched’ the motion of the ice 
with time-lapse photography and 
‘felt’ the rumble of icebergs using 
seismometers and tide gauges. 

By combining these remote 
observations with straightforward 
theory, they found that the ice front 
behaves similarly to road traffic, 
with dense packs of icebergs and 
sea ice forming a jam. Once this 
icy mélange weakens, large bergs 
capsize, pushing others out of the 
way, and the calving wall retreats. 
Calving continues until the front 
migrates far enough inland that the 
ice is too thick to fracture all the way 
through, putting on the brakes (J. M.
Amundson et al. J. Geophys. Res. 
doi:10.1029/2009JF001405; 2010).

The results are encouraging 
to those interested in modelling 
ice-sheet behaviour because 
they provide a mechanism to 
explain relationships between 
ice thickness, fracturing and 
retreat. They also provide a great 
example of how a diverse arsenal 
of observational tools can solve the 
most formidable problems in Earth 
science.
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sharing a birthday
Biol. Lett. doi:10.1098/rsbl.2010.0555 (2010)
In groups of banded mongooses, which rear 
their young together, two-thirds of females 
give birth on the same night, despite mating 
on different days. 

Sarah Hodge at the University of Exeter, 
UK, and her colleagues looked at pup 
survival in 13 groups of Ugandan banded 
mongooses (Mungos mungo; pictured) over 
almost 13 years. Synchronous litters suffered 
fewer deaths before the young mongooses 
left the den, suggesting that adults who might 
otherwise kill others’ offspring are unlikely 
to do so when they might risk accidentally 
killing their own young. Synchronous litters 
also have fewer pup deaths after they emerge 
into the world, suggesting that late-born pups 
lose out in competition for food with bigger 
littermates. Similar pressures may operate in 
other species, the authors speculate. 

GenetIcs 

Long and the short of it
Cell doi:10.1016/j.cell.2010.06.040 (2010)
Geneticists have been puzzled by long RNA 
molecules that are made by mammalian 
genomes but do not code for protein. 
What, if anything, do they do? John Rinn 
and Maite Huarte at the Broad Institute 
in Cambridge, Massachusetts, and their 
colleagues report that one long non-coding 
RNA is important in a cell’s response to the 
protein p53.

Best known as a tumour suppressor, p53 
controls the transcription of many genes. 
The team showed that it also triggers the 
production of several long non-coding 
RNAs and that one of these, lincRNA-p21, 
stifles the expression of many genes further 
downstream in the p53 response pathway, 
and promotes cell suicide. It seems to do 
this by associating with a second protein, 
hnRNP-K. The authors propose that other 
proteins like p53 activate long non-coding 
RNAs that help to silence genes.

astRonomY

cosmic pattern
Astrophys. J. 718, L194–L198 (2010)
The IceCube Neutrino Observatory will 
study high-energy neutrinos produced in 
distant supernovae and black holes once it is 
completed, in 2011. Meanwhile, it is already 
picking up a lot of background cosmic rays. 

By spotting elementary particles called 
muons that appear when cosmic rays 
strike Earth’s atmosphere, Rasha Abbasi 
and Paolo Desiati at the University of 
Wisconsin–Madison and their colleagues 
with the IceCube Collaboration produced 
the first map of cosmic rays with energies 
in the multi-teraelectronvolt region in the 
Southern Hemisphere and detected them 
preferentially emanating from a particular 
location. The findings support previous 
cosmic-ray sky maps made in the Northern 
Hemisphere, although they do not shed light 
on the cause of the directional preference, 
which remains a mystery. 

nanoBIotecHnoLoGY

more light on algae
Appl. Phys. Lett. 97, 043703 (2010)
The use of major crop plants such as maize 
(corn) in biofuel production is a source of 
contention, but there are other options; 
including photosynthetic algae, which can 
be grown in bioreactors. Radhakrishna 
Sureshkumar at Syracuse University in New 
York and his co-workers show that metallic 
nanoparticles in these reactors can boost 
algal growth by intensifying the light that the 
algae receive.

They designed silver nanoparticles 
of a size and shape that reflected or 
‘backscattered’ only blue light — a 
wavelength at which the green microalga 
Chlamydomonas reinhardtii grows optimally. 
This reflection occurred as a result of 
interactions between the incoming light 
and oscillations of the electron charge at the 
nanoparticles’ surface. 

The researchers tested their particles in 
a mini bioreactor consisting of a Petri dish 
holding C. reinhardtii culture sitting atop 
another dish containing a suspension of the 
nanoparticles. When the authors shone light 
through the top of the algae dish, algal growth 
increased by more than 30%.

running reversed some of the effects of 
ageing in elderly mice. However, the benefits 
of exercise seemed to be limited to nerve 
junctions in muscles that were directly 
exerted.
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● policy
Carbon storage restart: The US 
Department of Energy (DOE) 
has revived and revamped 
FutureGen, a public–private 
partnership to build a coal-
fired power plant that would 
capture and store carbon 
dioxide emissions. In 2008, the 
DOE cancelled the flagship 
programme (a new plant in 
Mattoon, Illinois), citing a 
dispute with industry partners 
over the US$1.8-billion price 
tag. But last year the agency said 
it would restart the scheme. 
The new $1-billion project, 
announced on 5 August, would 
see an existing coal plant in 
Meredosia, Illinois, retrofitted 
with an oxygen-rich fuel boiler, 
a technique that allows easier 
separation of carbon dioxide for 
piping to be stored underground 
at Mattoon. See go.nature.com/
IyxyqJ for more.

Personal-genetics guidelines: 
Best-practice guidelines for 
companies offering genetic 
tests directly to consumers 
were issued on 4 August by 
Britain’s Human Genetics 
Commission, a governmental 
advisory body. The commission 
recommends that counselling 
is offered before and after 
testing, and that claims about 
tests are supported by published 
evidence. The principles are 
voluntary, but may inform 
future efforts to set regulations 
for direct-to-consumer genetic 
testing, currently being mulled 
over by the US Food and Drug 
Administration. For more on 
genetic-testing regulation,  
see page 816.

US energy bill delayed: Senate 
Democrats deferred work 
on an energy bill last week, 
acknowledging that they do not 
have enough votes to overcome 
Republican opposition. The 
legislation — intended as a 
backstop after efforts to enact 
climate regulations were 
abandoned in late July — 
promotes energy efficiency while 
addressing liability and research 

● RESEARcH
Roaming GM crops: A 
genetically modified (GM) 
crop has been found thriving 
in the wild for the first time in 
the United States. Herbicide-
resistant transgenic canola is 
growing freely in parts of North 
Dakota, a research team led 
by ecologist Cynthia Sagers, of 
the University of Arkansas in 
Fayetteville, told the Ecological 
Society of America conference 
in Pittsburgh, Pennsylvania, 
last week. The discovery is not 
unexpected, but highlights a lack 
of proper monitoring and control 
of GM crops in the United 
States, the researchers said. See 
go.nature.com/BLQPLO for 
more. 

Oyster genome: The genomics 
institute BGI in Shenzhen, 
China, says it has sequenced the 
oyster genome. Co-leaders on 
the project said the 20,000 genes 

Retraction sought: The journal 
Science last week asked authors 
to retract a controversial 2009 
paper (A. Beloqui et al. Science 
326, 252–257; 2009) that claimed 
to have created a ‘reactome’ chip 
able to analyse all enzymes in 
biological preparations, such as 
bacterial extracts. Some organic 
chemists had challenged the 
claim and an investigation in 
Spain last month recommended 
retraction (see Nature 466, 
540–541; 2010). See go.nature.
com/7hEINW for more.

Arctic iceberg: A 260-square-
kilometre chunk of ice has 
broken free from the Petermann 
glacier on the Greenland ice 
sheet. The iceberg, which 

SoUND 
BiTES
“These negotiations 
have, if anything, 
gone backwards.”
Connie Hedegaard, European 
commissioner for climate 
change, reflects on 6 August at 
the end of a frustrating week of 
United Nations climate talks in 
Bonn, Germany.

BRigHT 
ligHTS fRom 
SolAR flARE
Beautiful aurorae blazed in Earth’s 
atmosphere after a medium-sized, 
C-class solar flare erupted from 
the Sun’s surface (pictured) on 
1 August. Charged particles from 
the flare, one of the fastest-moving 
ejections observed in recent years, 
caused the heavenly phenomenon 
when they hit Earth’s magnetic 
field on 3–4 August. The ejection 
is part of the Sun’s expected 
rousing into activity following an 
unusually long period of calm. 
The flare coincided with a tumult 
of activity on the Earth-facing 
side of the Sun, and was imaged 
by NASA’s Solar Dynamics 
Observatory, which became 
operational in late April. 
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issues related to oil spills and 
offshore drilling. The Senate 
Majority Leader, Harry Reid 
(Democrat, Nevada), said on 
3 August that Democrats would 
take up the issue again after the 
summer recess, in September. 

would provide, among other 
things, clues to better oyster 
breeding and to understanding 
how the molluscs stick to ships 
and pipes. When the genome 
was announced to the press 
on 5 August, it had not been 
published in a peer-reviewed 
journal — not an unusual 
practice for the institute, which 
wants to sequence the genomes 
of 1,000 plant and animal species 
over the next two years (see 
Nature 464, 22–24; 2010). 
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GPS PATENTS ON THE RISE
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Companies developing satellite-based 
navigation technology are turning their attention 
to galileo, Europe’s ambitious and long-delayed 
satellite-navigation system. A report from 
Withers and Rogers, an intellectual-property 
law firm based in London, found that around 
40 international patent filings annually now 
mention the system (see chart), which will 
consist of at least 22 satellites and is scheduled 
to begin operations in early 2014. 

Two other global satellite navigation systems 
are challenging the dominance of the US 
global Positioning System (gPS, also a catch-
all acronym used by any satellite-navigation 
patent). Russia has almost finished renewing 

its gLONASS network, originally put into 
operation in 1995; it plans to launch three 
satellites in September, to add to the 21 
currently in operation. And 1 August saw the 
launch of the fifth satellite in China’s Compass 
system (also known as Beidou), a planned 
network of more than 30 orbiters. Most 
patents for satellite-navigation technology are 
filed by large corporations such as Qualcomm, 
Nokia and Motorola, and relate to improving 
algorithms that process satellite signals, says 
Nick Wallin, a patent attorney at Withers 
and Rogers. Many inventions focus on multi-
protocol chips in mobile phones, which 
integrate gPS receivers and other circuits.

13 AUGUSt
the astronomy and astrophysics 
decadal survey is set to be 
published by the US National 
Academies, based in Washington 
DC. It will recommend research 
activities to be funded for 
2013–22.
➧ go.nature.com/i3vlQJ

15–18 AUGUSt
Ottawa, Canada, hosts the third 
International Union of Pure and 
Applied Chemistry conference on 
green chemistry. topics include 
making industrial chemicals from 
renewable resources, and with 
less harmful solvents.
➧ www.icgc2010.ca 

17–21 AUGUSt
Stem cells, epigenetics and 
research into ageing merge 
at a biennial meeting on the 
mechanisms and models of 
cancer at Cold Spring Harbor 
Laboratories, New York.
➧ go.nature.com/Wz9e7k 

● pEoplE
NOAA chief scientist: The 
US government on 5 August 
nominated Scott Doney 
(pictured) as chief scientist of 

Oil-well seal awaited: The 
first of two relief wells being 
drilled to permanently prevent 
oil from leaking into the Gulf 
of Mexico is likely to intersect 
the blown-out Macondo well on 
15 August, BP said this week. 
The company has already capped 
and cemented over the well, but 

Amazon payments: Ecuador 
has signed an agreement with the 
United Nations Development 
Programme (UNDP) to refrain 
from drilling oil in an area of the 
Amazon for 10 years in exchange 
for some US$3.6 billion from 
wealthy nations, roughly half 
the market value of the oil that 
could be extracted. Ecuador first 
put forward the idea three years 
ago and is still working to secure 
support from the international 
community. If successful, the 
proposal would prevent more 
than 400 million tonnes of 
carbon emissions and create a 
sustainable development trust 
fund to be administered by the 
UNDP.

Seismic injunction: Scientists 
from the Alfred Wegener 
Institute for Polar and Marine 
Research (AWI) in Bremerhaven, 
Germany, said that they were 
“surprised and disappointed” 
after an injunction granted on 
8 August prevented the start of 
their planned marine seismic 
survey in Lancaster Sound, 
near Canada’s Baffin Bay. The 
RV Polarstern ice-breaker was to 
have studied plate tectonics and 
crustal evolution in the area, but 
the Qikiqtani Inuit Association 
in Iqaluit, Nunavut, sought an 
injunction against the tests, 
arguing that acoustic pulses 
could harm marine mammals 
and that Inuit communities had 
not been sufficiently consulted 
by the Canadian government. 
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The number of 
nations that have 
set or matched their 
all-time record high 
temperatures so far 
this year — giving 
2010 the most national 
extreme-heat records 
in a single year.

Source: Jeff Masters, 
director of meteorology for 
WeatherUnderground.com
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● BUSiNESS
Drug deal: The Dublin-based 
pharmaceutical company Shire  
is set to buy Movetis, a drug  
firm based in Turnhout,  
Belgium, for €428 million 
(US$569 million). The deal, 
announced on 3 August, will 
add constipation treatment 
Resolor (prucalopride) to 
Shire’s portfolio of drugs for 
gastrointestinal disease. This 
is one of three specialist areas 
for the drug maker, which also 
makes treatments for attention-

the National Oceanographic 
and Atmospheric Agency 
(NOAA). Doney, a marine 
geochemist at the Woods Hole 
Oceanographic Institution in 
Massachusetts, will take up a 
role that has been vacant since 
1996, when Kathryn Sullivan, 
a former NASA astronaut, 
stepped down. Marine ecologist 
Jane Lubchenco reinstated the 
position when she became head 
of NOAA last year.

it plans to pump cement and 
drilling fluid through the relief 
well, which would complete the 
sealing operation. BP said on 
9 August that the oil spill had 
cost it US$6.1 billion so far, not 
including a $3-billion deposit to 
what will become a $20-billion 
fund for compensation claims. 
See page 802 for more.

deficit hyperactivity disorder and 
rare genetic disorders such as 
Fabry’s disease.

started drifting on 5 August, is 
the largest to calve in the Arctic 
since 1962, according to Andreas 
Muenchow, of the University 
of Delaware in Newark, who 
monitored the event. The 
iceberg is heading for the deep 
Nares Strait, a key waterway for 
shipping.

801

Vol 466|12 August 2010

801

NATURE|Vol 466|12 August 2010 NEWS BRiEfiNg

© 20  Macmillan Publishers Limited. All rights reserved10



After months of gloom, last week’s report on 
the fate of the oil from BP’s Deepwater Hori-
zon spill offered a rare piece of good news. “At 
least 50% of the oil that was released is now 
completely gone from the system,” said Jane 
Lubchenco, administrator of the National 
Oceanic and Atmospheric Administration 
(NOAA), at a White House press conference 
on 5 August. That welcome figure came from 
an effort to tally what has happened to the 
three-quarters of a billion litres of oil that have 
poured into the Gulf of Mexico since April.

But although researchers have embraced 
some of the report’s messages, many contacted 
by Nature point out that it fails to convey the 
substantial uncertainties in some of its esti-
mates. “In my mind it’s scientifically indefen-
sible,” says James Cowan, an oceanographer 
at Louisiana State University in Baton Rouge. 
Some question whether the timing of the 
report, released as BP announced that it had 
succeeded in plugging the damaged well, was 
driven more by politics than science.

The report estimates that about a quarter  
of the spilled oil was captured, burned or 
skimmed off the ocean; that another quarter  
was dispersed into tiny droplets, either natu-
rally or with chemical dispersants; and that a 
quarter evaporated or completely dissolved. 
The remaining quarter, determined by sub-
traction, is assumed to be floating on the 
ocean’s surface or already washed ashore (see 
graphic). Most of this remainder “is degrading 
rapidly or is being removed from the beaches”, 
said Lubchenco, adding that there was a “high 
degree of confidence” in the numbers. She  
cautioned, however, that dissolved or dispersed 
oil could still pose threats to marine life. 

Cowan isn’t persuaded by this accounting. 
“There’s not enough information in there to 
make anybody with any kind of quantitative 
or ecological background believe it,” he says. 
Jeffrey Short, an environmental chemist based 
in Juneau, Alaska, believes that estimates of oil 
collection, skimming and burning should be 
reliable because they are directly measurable. 
But with relatively few data to call on, estimates 
of how much oil has dissolved, dispersed or 
evaporated could be off by factors of two to 
three, says Short, who works with the conser-
vation-advocacy group Oceana and helped 
lead the damage assessment of the 1989 Exxon 
Valdez oil spill before he retired from NOAA. 

Bill Lehr, a senior scientist with NOAA’s 
emergency-response division and a lead 

author of the report, agrees that these are the 
least certain numbers, but says that he and  
his colleagues intentionally used conserva-
tive estimates. Yet neither the report nor its  
supporting data mention the scale of the uncer-
tainties, and there are scant details about how 
the numbers were calculated. 

Lehr says that the oil budget calculator that 
produced the estimates has been used by the 
US Coast Guard since June to guide the spill 
response, and that the Coast Guard’s version 
includes details on uncertainties. But for the 
public release, he says: “The decision was made 
— and people can argue whether that was right 
or not — to present the average values [without 
the uncertainties].” 

“The tool was there so we just decided this 
would help to answer some of the questions 
that the public had,” he says. Lehr adds that the 
agency will be working to complete a report fill-
ing in the scientific details as quickly as it can. 

But Short sees politics behind the report’s 
release. “It has the feel that they’re trying to 
make it coincide with killing the continued 
leaking and kind of put a ribbon on this,” he 
says. Cowan adds that the report could help 
to restore confidence in the devastated Gulf 
seafood industry. 

Many scientists agree that the biological toll 
of the spill in coastal areas seems to be lighter 
than feared. “Overall, I think most of us in the 
field agree that the impacts that have come 
to light so far are less horrific than we feared 
initially, largely because relatively little oil has 
gotten ashore,” says Short. But the impact of 
dispersed or otherwise submerged oil on the 
young of marine species remains an open ques-
tion. “Our concern is that we may lose an entire 
generation of fish, shrimp, oysters and crabs,” 
says Deano Bonano, the homeland-security 
chief for Jefferson Parish, one of Louisiana’s 
hardest-hit areas.

“The report made it sound very much like 
we were already over the hump,” adds Cowan. 
“There are some big questions I’d like to see 
addressed before we can confidently say we’re 
over the hump.”  ■

Mark Schrope

Researchers see major uncertainties in Deepwater Horizon spill assessment.

Upbeat oil report questioned

Controlled burning has helped to remove some of the Deepwater Horizon oil — but how much remains?
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Physicists get 
Political
Who should get Nobel prize 
for predicting the Higgs?
go.nature.com/UjxRc2

It was meant to be a year of glorious 
celebration for Stockholm’s Karolinska 
Institute. But the bicentenary of the 
venerable medical university, which selects 
the winners of the Nobel Prize in Physiology 
or Medicine, has been soured by an 
acrimonious row.

On 27 July, 12 top Karolinska scientists 
published an open letter in Sweden’s leading 
daily newspaper, Dagens Nyheter, claiming 
that the institute faces a growing threat — 
from its own president.

The scientists — 10 of whom sit on the 
15-strong Nobel selection committee — 
charge that institute president Harriet 
Wallberg-Henriksson has used her position 
over the past six years to inappropriately 
concentrate power into her own hands, 
increasing bureaucracy for researchers 
and suppressing critical voices by ousting 
those who stand in her way. They say that 
“an emergency brake needs to be pulled” on 
proposals to formally extend the decision-
making power of the president. The 
proposals, open for comment from faculty 
members until mid-September, are part of 
a wider management reorganization being 
prepared by the president and her board 
in anticipation of a new law giving more 
autonomy to Swedish universities, which 
comes into force in January 2011.

Wallberg-Henriksson says the concerns 
are based on misunderstandings, and 
that she “welcomes a debate about 
the development of our university, its 
organization and its leadership”. She insists 
that she has not appropriated new powers 
during her term in office, and that she wants 
to avoid her office gaining too much power 
in the reorganization. Hostilities have 
reached such a pitch, however, that some of 
the institute’s 300 professors are refusing to 
attend a high-profile Jubilee Banquet with 
King Carl XVI Gustaf on 27 August.

Tempers first erupted publicly in March, 
when Wallberg-Henriksson dismissed 
molecular pathologist Karl Tryggvason 
from his position of research dean without 
notice or consultation, after an internal 
investigation concluded that he had tried 
to unduly influence a grant committee’s 
selection process. The committee was 
responsible for distributing a fund 
established by Tryggvason to support 
prominent Karolinska professors. 

The investigation found that Tryggvason 
had e-mailed the selection committee to 

suggest alternatives for two shortlisted 
candidates who turned out to be ineligible 
(see Nature doi:10.1038/news.2010.144; 
2010). Tryggvason admitted that he should 
not have sent the e-mail but insisted that 
he had no connection with the scientists 
he recommended. He retains his position 
as professor of medical chemistry at the 
institute.

The dismissal “was a shock, because 
Tyggvason was a dynamic force at the 
Karolinska”, says biomedical researcher 
Christer Betsholtz, a Nobel committee 
member who signed the letter. “He was 
controversial but he had a strong scientific 
vision.” The letter in Dagens Nyheter says 
that the charges against him 
are not convincing.

Critics of Wallberg-
Henriksson also point to 
the recent departure of 
senior Karolinska figures 
as evidence of a systematic 
silencing of dissenting 
voices. Vivi-Anne 
Sundqvist, the dean for 
higher education, who had 
clashed with the president 
over her policies, stood 
down from the board last 
year; this year, a former 
editor of Dagens Nyheter 
left the board after his 
mandate was, unusually, 
not renewed. But the president says the 
education dean asked to step down and the 
former editor was simply not reappointed 
for a second term of office. The allegation of 
silencing “is of course wrong”, she says.

Wallberg-Henriksson agrees that her 
term has seen researchers bearing a greater 
bureaucratic burden, such as more detailed 
documentation of spending, but says that 
this is due in part to demands for greater 
accountability from the government and 
from funding agencies. She says that the 
new autonomy for universities will free her 
hand to reduce bureaucracy.

The proposed reorganization would 
reshape the Karolinska Institute’s current 
three academic boards — for research, 
education and graduate education — and 
create above them a coordinating board, 
headed by the president. This board would 
include representatives from the faculties. 
Although proponents claim that the plan 
will improve coordination between the 

university’s different functions, critics say 
that it will dilute the voices advocating for 
research and teaching.

The professors behind the letter in Dagens 
Nyheter demand more power-sharing 
between the president and elected deans 
so that faculty members have a stronger 
voice in decision-making. “Things need 
to be more democratic,” says paediatrician 
Hugo Lagercrantz, who signed the letter. 
“A university is not a company.” Wallberg-
Henriksson told Nature that the proposal 
is only a suggestion, and conceded that “it 
might not be a good idea if the president is 
head of the coordination board”.

The law driving the reorganization is 
part of a trend over the 
past 20 years or so for 
European governments 
to give their universities 
more autonomy, allowing 
them to manage their own 
budgets, for example, to 
make them more flexible 
and competitive. But 
universities have adopted 
different levels of power-
sharing between academics, 
the presidents or rectors, 
and the university boards, 
says Thomas Estermann of 
the European Universities 
Association (EUA) in 
Brussels. Estermann 

co-authored a 2009 EUA report, University 
Autonomy in Europe 1 — Exploratory Study 
(see go.nature.com/6aa7uI), showing 
that increasing autonomy in 34 different 
countries has had mixed results.

Still, he says, “the Karolinska Institute 
case is not unusual”. Similar clashes with 
faculty members took place at the Swiss 
Federal Institute of Technology in Zurich 
— mainland Europe’s top-performing 
university — where professors forced the 
reform-minded president to resign and 
maintained their decision-making powers 
in the university’s organization.

Tensions at the Karolinska Institute are 
running just as high. “The president is 
responsible for making the Karolinska 
more authoritarian and less free, and she  
should leave,” says Lagercrantz. “Given  
the mood, some leading scientists won’t  
be going to the dinner with the King. I will 
not be going.” ■

alison abbott

Power struggle hits Swedish institute

Karolinska Institute president 
Harriet Wallberg-Henriksson.
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“It’ll be about 8 minutes before we reach 
the 490-metre lab level,” shouts an offi-
cial, barely audible above the roar of 

machinery, as we slam shut the heavy doors 
of the small lift and trundle slowly towards the 
depths of the Earth. 

Here, half a kilometre beneath rolling wheat 
fields outside the small town of Bure in north-
east France, the country is preparing to dispose 
of its radioactive waste. In a €1-billion (US$1.3 
billion) underground laboratory, the French 
National Radioactive Waste Management 
Agency (ANDRA) is testing the soundness of 
the rock and the technologies to contain the 
waste. ANDRA scientists are convinced that 
the rock formations can safely house highly 
radioactive waste, and plan an industrial-
scale facility that would open deep below a 
30-square-kilometre site nearby in 2025. It 
would be among the world’s first geological 
repositories for high- and medium-level long-
lived nuclear waste — and the largest. 

The warren of tunnels under Bure is at the 
vanguard of several parallel efforts across 
Europe to come up with a permanent home 
for the long-lived waste that is accumulating 
at temporary storage sites. Projects that started 
decades ago are finally coming to fruition. Fin-
land and Sweden plan to open deep geologi-
cal repositories in about 2020–2025, whereas 
Germany hopes to open its own long-term 
repository in 2035. Several smaller European 
countries have banded together to form a Euro-
pean Repository Development Organisation to 
work on the concept of a shared facility. 

By contrast, development of the United 
States’ only proposed long-term 
repository, at Nevada’s Yucca 
Mountain site, has stalled again and 
looks set to be abandoned after two 
decades of work and more than $10 
billion in investment (see Nature 458, 1086–
1087; 2009). The Obama administration wants 
to scrap the Yucca Mountain site, and has cre-
ated a commission to explore alternatives. One 
of the main problems is that the selection of 
Yucca Mountain by the US Congress in 1987 
was, from the outset, a political rather than a 
scientific choice. “There are far better geologi-
cal sites in the US than Yucca Mountain,” says 
Patrick Landais, a geologist and scientific direc-
tor of ANDRA, as we tour the lab in hard hats 
and fluorescent overalls. Like many experts, he 
questions Yucca’s geological suitability: “When 
I went to the top of Yucca Mountain and saw 

the volcanoes below, that worried me.”
Efforts by the US federal government to find 

a site have been stymied by opposition from 
individual states, where people are uneasy 
about having a nuclear dump in their back-
yard. European countries have taken a more 
scientific and stepwise approach to locating 
sites, which has engendered greater public 
confidence — in typical Scandinavian tradi-
tion, Sweden and Finland involved local com-
munities in decisions from the outset, which 
has increased acceptability. 

France generates about 80% of 
its electricity from its 58 nuclear 
power plants, and is a world leader 
in the technology. Nuclear power 
enjoys staunch cross-party sup-

port in the country, and the economic incen-
tives that the storage facility offers to the Bure 
region have been welcomed by local officials. 
Anti-nuclear groups also have little clout. 
Perhaps unsurprisingly, there has been little 
effective resistance to the Bure facility. Mobi-
lizing public opinion to oppose the repository 
is difficult because the majority of the French 
are “indifferent” to nuclear power issues, says 
Sophia Majnoni, head of Greenpeace France’s 
nuclear campaign. The group does not oppose 
geological storage research, but is concerned 
that plans to seal the repository after a century 
of use would make it almost impossible to deal 

with a subsequent problem in the facility. 
The Bure lab, created in 1999, has largely 

established the geological suitability of the 
area, with its findings endorsed by interna-
tional experts. Now, it is shifting into high gear, 
spending €100 million a year on research to pin 
down exactly how waste would be stored at the 
planned repository. ANDRA must present a 
blueprint for the repository to the government 
in 2014; if approved by the French National 
Assembly in 2016, construction would begin 
the following year. The assembly will then con-
sider licensing the facility to open in 2025. 

Once completed, the repository would store 
all of the existing 2,300 cubic metres of high-
level and 42,000 cubic metres of medium-level 
long-lived radioactive waste — most of which 
has been generated by France’s nuclear power 
stations — as well as new waste created over 
at least the next 20 years. The existing waste is 
currently being stored at temporary sites in La 
Hague, Marcoule and Cadarache. 

Test lab
The lab itself contains no radioactive waste, 
and never will. Instead, researchers at Bure 
are focusing on testing the rock and prototype 
waste-containment strategies. Almost all of the 
research results are analysed remotely. Once 
scientists have installed their experiments, 
the output of instruments lining the tunnels is 

Geological storage of long-lived radioactive material is moving closer to reality in Europe, says Declan Butler.

France digs deep for nuclear waste

“The idea of a 
geological safe 
does not exist.” 

The tunnels of the Bure laboratory are still being 
carved out of the 150 million-year-old rock.
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Skin converted into 
heart muScle
Cell type switched in mice 
without using stem cells.
go.nature.com/WIQGzv

transmitted via the Internet to ANDRA’s 
own researchers, along with 80 collabo-
rating labs at other research agencies and 
universities in France and other European 
countries involved in the project. Jacques 
Delay, the geologist in charge of coordi-
nation and experimental strategies at the 
lab, shows me the screens of the remote 
data-access system: a three-dimensional 
representation of the galleries in which 
one can zoom in on any tunnel to find an 
experiment, and pull up its data output 
and graphs in real time. 

But dozens of scientists and engineers 
must still make the long descent every day, 
and working at such depths is not without 
risk. Before we board the lift, I get a crash 
course in using the chunky ‘self-contained 
self-rescuer’ device strapped around my 
waist. It is a closed-circuit breathing appa-
ratus used in the mining industry, which 
can provide 20 minutes of chemically gen-
erated oxygen should a power outage cut 
the tunnels’ ventilation.

The lift slows at a depth of 445 metres, 
then creeps to the bottom. A few minutes 
later, we push open the doors into galleries 
crammed with scientific instruments. Inces-
sant tannoys, and the din of pneumatic drills 
and earth borers at work extending the lab, fill 
the air. The tunnel walls are reinforced with 
concrete, steel ribs and bolts, but here and 
there the grey 150-million-year-old Callovo-
Oxfordian argillaceous rock that would seal the 
repository is left bare.  

On the pulse
Fine experimental boreholes in the walls carry 
about 3,500 sensors, which take the pulse of 
almost every mechanical, chemical and hydro-
geological aspect of the rock. The data are fed 
into models that characterize the rock and 
also predict its future behaviour over periods 
from decades to more than a million years. 
“No other rock lab in the world is as highly 
equipped as this one,” Landais says.

The experiments ultimately aim to answer 
one key question: can France’s most dangerous 
radioactive wastes be safely contained inside this 
150-metre-thick layer of rock? The high-level 
waste includes the radioactive fission products 
caesium-134, caesium-137 and strontium-90, 
and minor actinides such as curium-244 and 
americium-241. Most nuclear fuel in France is 
reprocessed to extract useful uranium and plu-
tonium, and to concentrate the waste. Although 
this high-level material comprises just 0.2% of 
France’s nuclear waste by volume, it accounts 
for 95% of its total radio activity. 

The waste is immobilized by blending it 
into glass, in a complex vitrification process 

pioneered by the French. The molten glass is 
poured into stainless steel casks, which are then 
placed inside steel barrels. Robots in the Bure 
repository will push these barrels into 70-cen-
timetre-diameter boreholes called alveoli, 
drilled 40 metres horizontally into the walls of 
the main access tunnels. 

The medium-level radioactive waste, mean-
while, which comes from used reactor equip-
ment and reagents, would be compressed into 
circular cakes and piled into steel canisters, 
before being encased in concrete and stored 
in the tunnels.

Scientists at Bure are already testing the 
stability of the glass that would be used to 
immobilize the high-level waste, the rates of 
corrosion of the stainless steel casks, and the 
fate of the hydrogen gas that this degradation 
releases. They are also assessing all the interac-
tions between the glass, the layers of steel and 

the rock in prototype alveoli.
The canisters are designed so that heat 

from radioactive decay inside does not 
warm their surface beyond 90 °C. Tests 
using mock-up canisters have shown 
that prolonged exposure to this tempera-
ture does not cause the rock to fissure. 
Although the volume of high-level waste 
is much smaller than that of medium-level 
waste, it will require double the amount of 
storage space, because the hot casks must 
be spaced out with empty ones to avoid 
overheating. The scientists are also inves-
tigating ways to reduce the volume of waste 
to be sent to the facility. “Geological stor-
age is a rare and precious resource,” says 
Landais. Extracting radioactive elements 
from bulky graphite fuel elements and then 
concentrating them, for example, could 
allow much more medium-level waste to 
be packed into the repository’s chambers.

The repository could eventually operate 
for at least a century, after which it would 
be sealed. A few thousand years later, the 
stainless steel would corrode away until it 
was ruptured by the pressure of the rock, 

leaving the vitrified waste, and the rock itself, 
to provide containment.

Rock is not an absolute barrier, says Landais. 
“The idea of a geological safe does not exist.” 
Radionuclides would slowly diffuse through it. 
Of most concern at Bure are radioactive iodide 
and chloride anions, which are the most mobile 
in this type of rock. But Landais says that it 
would take hundreds of thousands of years for 
them to diffuse to the surface. By that time, he 
says, their low concentrations and lower levels 
of radioactivity would render any environmen-
tal contamination negligible.

A more worrying problem is the possibility 
of a rock fracture, which could lead to radioac-
tive leaks. But the research at Bure has largely 
confirmed that the layer of rock that would 
house the repository is homogenous, highly 
impermeable to water movement and free 
from faults and seismic risk. 

At the surface, researchers are extensively 
sampling the air, water and soils in a 250-square-
kilometre zone around the site to get a com-
prehensive baseline of environmental data. 
An observatory, created jointly in April with 
France’s agricultural research agency, INRA, will 
monitor this ecosystem for at least a century.

The geologists at Bure are confident that it 
is a safe place for nuclear waste. The rock is 
150 million years old, hasn’t budged in the past 
20 million years, and won’t in the next, they 
say. With the lab’s panoply of sensors, meas-
urements and models “we might make a mis-
take of a few per cent, but nothing major”, says 
Landais. “The geology is predictable.”  ■Robots will store high-level waste in boreholes.

Sensors in the tunnel walls monitor the rock around the clock.
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Pittsburgh, Pennsylvania
The controversial practice of stripping 
off the tops of mountains to mine coal, 
long suspected of polluting streams, is 
guilty as charged, scientists say. 

On 3 August, researchers at the Eco-
logical Society of America conference 
in Pittsburgh, Pennsylvania, presented 
what they say is the first conclusive evi-
dence of a direct link between this type 
of mining and environmental damage. 
Their research has teased apart the 
effects of mountain-top mining and 
urbanization on local water quality 
in West Virginia, and found that even 
relatively small mining operations can 
cause serious harm to ecosystems.

“Even at very low levels of mining 
we found a dramatic impact on water 
quality and stream composition,” 
Emily Bernhardt, a biologist at Duke 
University in Durham, North Carolina, 
and one of the study’s lead researchers, 
told Nature. The scientists have called 
on the US Environmental Protection 
Agency (EPA) to tighten the water pollution 
limits faced by mining companies. 

Mountain-top mining is widespread in east-
ern Kentucky, West Virginia and southwestern 
Virginia. To expose seams of coal, mining com-
panies strip away forests and break up rock with 
explosives. The rubble is dumped in the valleys, 
often burying streams. The loss of vegetation 
and topsoil can cause flooding, 
and the water emerging from 
the debris contains toxic solutes 
including selenium, metals and 
sulphates, says Bernhardt. 

The EPA recommends that 
mining activity should not 
increase the electrical con-
ductivity of stream water (a 
measure of its ionic concentration) beyond 
500 microsiemens per centimetre (µS cm−1). 
Yet a previous study1 demonstrated significant 
changes in the size and composition of macro-
invertebrate communities — such as mayflies 
and caddis flies — at lower conductivity lev-
els. A second study2 found that increases in the 
concentration of metals in stream water, and 
decreases in stream invertebrate biodiversity, 
were correlated with increased sulphate con-
centrations, an indicator of mining. But neither 
study established a direct link between mining 
and the environmental changes.

Bernhardt and her colleagues overlaid 
images taken by satellites and aircraft of min-
ing activity in West Virginia’s Appalachian 
Mountains onto topographic maps of the 
area, allowing them to estimate the amount of 
mining taking place in mountain watersheds 
between 1996 and 2009. The research team 
also had access to data on water quality and 

invertebrate biodiversity for 478 
sites in the area, collected over 
the same period by the West 
Virginia Department of Envi-
ronmental Protection.

Mining had occurred at 208 
of those sites, where the aver-
age water conductivity was 
650 µS cm−1. In the most inten-

sively mined areas, where 92% of the watershed 
had been mined at some point, conductivity 
levels rose to 1,100 µS cm−1. Bernhardt says that 
even in areas where just 2.5% of the watershed 
had been mined, some 30% of streams still had 
conductivity levels greater than the EPA’s recom-
mendation. The team also noted “sharp declines” 
in some stream invertebrates in areas where as 
little as 1% of the watershed had been mined. 

William Schlesinger, a biogeochemist at the 
Cary Institute of Ecosystem Studies in Mill-
brook, New York, says the results are “sig-
nificant” as “they directly link changes in the 

stream water chemistry to the area of 
the watersheds that has been disturbed 
by mining activities”. 

The study also addresses the mining 
industry’s contention that water-qual-
ity standards should not be tightened 
because stream conductivity changes 
often reflect urbanization and other 
changes in land use. Earlier this year, 
the National Mining Association 
(NMA), based in Washington DC, 
said in a statement: “No evidence has 
been presented that uniquely corre-
lates higher conductivity levels with 
coal mining or valley fills.” 

In 202 of the sites Bernhardt and her 
colleagues studied, however, there was 
no mining activity, but some urban 
development. Water at these sites had 
an average conductivity of 228 µS cm−1 
— much lower than the average at 
mined sites. In 30 other sites, no min-
ing or urban development had taken 
place, and these control sites had an 
average conductivity of 105 µS cm−1. 

Bernhardt says she was “shocked” by the dif-
ferences. But she declined to say at what level 
she thinks the EPA should set the threshold, 
saying only that “it appears you get effects at 
much lower levels of conductivity than pre-
viously thought”. Luke Popovich, the NMA’s 
vice-president for external communications, 
declined to comment on the study without 
seeing its data, but notes that the conductivity 
limit set by the EPA is “difficult or impossible 
for mining operations to meet. In our view, this 
begs the larger question of whether conduc-
tivity as employed here can tell us much at all 
about the impacts of mining on biodiversity.”

“Conductivity should not be used as an 
exclusive tool for isolating impacts from min-
ing activity from the many other sources or fac-
tors that may impact water quality,” he adds.

In a statement to Nature, the EPA says it 
believes that the study’s results are “generally 
consistent” with its own research, which is 
“currently being reviewed” by its science advi-
sory board. “EPA will continue to rely on the 
best available science as it reviews proposals 
for new surface coal mining projects under the 
Clean Water Act,” it adds. ■

Natasha Gilbert

1. Pond, G. J. et al. J. N. Am. Benthol. Soc. 27, 717–737  
(2008).

2. Palmer, M. A. et al. Science 372, 148–149 (2010).

Study shows that stripping mountains for coal has a much greater impact than urban growth. 

Mountain mining damages streams

West Virginia’s mountains contain valuable low-sulphur coal.

“Even at very low 
levels of mining we 
found a dramatic 
impact on water 
quality and stream 
composition.”
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MuScliNg iN oN liMb 
rEgENEratioN
Mice regenerate tissue 
salamander-style.
go.nature.com/PfC99P

A database that records the millions of 
sightings routinely made by dedicated 
birdwatchers around the globe has just been 
given some powerful help to analyse its 
data — 100,000 hours on the US National 
Science Foundation’s (NSF’s) TeraGrid 
supercomputing network.

The eBird project, run by Steve Kelling, 
director of information science at the Cornell 
Laboratory of Ornithology in New York, 
together with the New York-based National 
Audubon Society, has been growing steadily 
since its launch in 2002. More than 48 million 
observations have been entered, 10 million 
of them in 2010 alone. According to Kelling, 
“the challenge now is to try to do something 
meaningful with all these data”.

By performing intensive data analysis 
using the supercomputer network, Kelling 
and his colleagues hope to turn the scattered 
observations of each bird species into a 
predictive model of its movements.

The eBird team will start by combining 

the bird sightings with remote-sensing 
information from sources such as NASA’s 
Terra and Aqua satellites, which can, for 
example, reveal when different places on 
Earth are ‘greening up’ in the spring — a 
seasonal phenomenon that can be strongly 
correlated with bird movements. The 
computers will then ‘learn’ what kind of 
land cover, what timing pattern of greening 
and what human densities best predict  
bird presence.

With TeraGrid, the Cornell lab plans to 
marry such models to scenarios for climate 
change from the Intergovernmental Panel on 
Climate Change, with the aim of anticipating 
migratory changes — and perhaps 
extinctions — for hundreds of species. 

These ecological problems are a new 
frontier for supercomputing, says John Cobb, 
a principal investigator for TeraGrid at the 
Oak Ridge National Laboratory in Tennessee 
and a co-investigator for DataONE, a project 
sponsored by the NSF to gather and 

harmonize ecological and environmental 
data sets. With vast amounts of computing 
power comes the opportunity to turn the 
work of many amateur birders into a 
nuanced portrait of how species migrate.  
“It is a wonderful story about how they have 
used all those people who are enthusiastic 
about birdwatching and made a scientifically 
significant data set,” says Cobb. ■

emma Marris
see go.nature.com/dt9WaQ for a longer version  
of this story and an animation of bird migration.

Supercomputing for the birds

Correction
The News Feature ‘Inside the hothouses of 
industry’ (Nature 466, 548–551; 2010) contained 
an incorrect statement about Monsanto’s 
partnership with the African Agricultural 
Technology Foundation (AATF). Monsanto 
has granted the AATF a perpetual royalty-free 
licence to its technology for developing drought-
resistant crops. Should subsistence farmers 
become profitable in future, Monsanto could sell 
to them seeds displaying other traits. 
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There were three scans of Francis  
Collins’s genome, and all showed the 
same thing: the geneticist and physi-
cian has an increased risk of developing 

type 2 diabetes. After Collins received the results 
from the genetic-testing companies in the spring 
of 2009, shortly before he became director of the 
US National Institutes of Health (NIH), he hired 
a personal trainer and began working out three 
times a week. He jettisoned his favourite junk 
food — honey buns and oversized muffins — in 
exchange for yoghurt, granola bars and broccoli. 
The 60-year-old now dead lifts 48 kilograms, 
chest presses 43, and has lost more than 11 kilo-
grams himself. “It has helped me a lot in terms 
of being able to take on the intensity of the job,” 
he says. 

That salubrious slimming 
is nothing compared with the 
crash diet that Collins’s US$31-
billion-a-year agency is about 
to go on. Collins took control 
of the NIH — the world’s larg-
est biomedical-research funder — in the mid-
dle of a feast: a $10.4-billion, two-year boon 
delivered in 2009 by the American Recovery 
and Reinvestment Act, as part of the US gov-
ernment’s effort to revive a moribund economy. 
Next month, the last of that money will go out 

of the door, and its recipients will have spent 
the bulk of it by September 2011. “The Recov-
ery Act provided an enormously timely and 
appropriate stimulus for the community after 
five years of flat funding,” Collins said in an 
interview with Nature at the NIH’s Bethesda, 
Maryland, campus last month. “But now we 
face this potential of falling off a cliff. That’s the 
biggest challenge” of his job, he says.

Collins comes equipped for challenges, 
intellectually and temperamentally. From his 
co-discovery of the gene for cystic fibrosis 
21 years ago, to his 15 years of leadership of 
the NIH’s National Human Genome Research 
Institute — and, with it, the Human Genome 
Project — he has proved that he combines seri-

ous scientific know-how with 
a leader’s vision (see go.nature.
com/JbAf7H for a timeline of 
Collins’s biography). With his 
boy-scout manners and folk-
guitar habit, he is also a decided 
contrast to his immediate pred-

ecessor, the sharp-suited Elias Zerhouni, a radi-
ologist whom many bench investigators viewed 
warily for not being a scientist’s scientist. 

Collins’s exceptional self-discipline extends 
well beyond dieting. By the time he started the 
job, he had already formulated a ‘pocket list’ of 

22 goals for his first year in office, from hosting 
a visit to the NIH by President Barack Obama 
to hiring a new cancer-institute director. Now, 
he proudly hands over the list (pictured oppo-
site) of mostly ticked-off accomplishments: 
Obama visited the NIH last September, and 
Harold Varmus, a former NIH director, took 
the reins of the National Cancer Institute in 
July. “He’s in a hurry,” says Susan Shurin, the 
acting director of the NIH’s National Heart, 
Lung and Blood Institute (NHLBI). “He moves 
fast and he likes to be surrounded by people 
who are going to make things happen.” 

Collins has detractors as well as fans. When 
he was appointed, some scientists voiced loud 
scepticism that he could separate his very pub-
lic Christian faith from his policy decisions. 
There were also fears that his roots heading 
the Human Genome Project would lead him 
to favour NIH-initiated mega-projects over  
proposals by individual scientists. Others 
scolded him — and still do — for what they call 
his perennial overpromising on the fruits of the 
genomic revolution. “He is still leading people 
to believe that genetics is the key to everything,” 
says Neil Greenspan, an immunologist at the 
Case Western Reserve University School of 
Medicine in Cleveland, Ohio. If, five or ten years 
from now, only a handful of therapies emerge as 
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Having taken on the biggest job in 

biomedicine — leading the US National 
Institutes of Health — Francis Collins must 

now help his agency over a funding cliff. 
Meredith Wadman looks at his record so far, 

and his plans to cushion the fall. 

“My job it seems to 
me is not to spend 
my time apologizing 
for being optimistic.”
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a direct result of the genome project, “you could 
end up with a lot of people [in Congress] getting 
upset and cutting the NIH because they are not 
producing what they claimed”.

Such concerns do not worry a lean, list-
checking Collins. “My job it seems to me is not 
to spend my time apologizing for being opti-
mistic. But rather to try to take that optimism 
and turn it into reality,” he says. 

Morning to night
On a sultry morning in mid-July, Collins straps 
on his black motorcycle helmet and rides his 
Harley-Davidson the 15 minutes from his  
suburban Maryland home to the NIH campus. 
Collins had grabbed his usual, abbreviated 
night of sleep, after recording an interview for 
the Charlie Rose Show, marking the tenth anni-
versary of the draft sequencing of the human 
genome, and then staying up until nearly mid-
night to watch the popular talk-show air. In 
between, he had participated in a conference 
call with senior government officials, discuss-
ing how to enrol 20,000 subjects in a long-term 
study of the health effects on workers cleaning 
up the Gulf of Mexico oil spill. Having risen 
at his usual time of 5:00 a.m. — “that is a pro-
tected time, before all hell breaks loose, when 
I can actually try to think and plan,” he says — 
he is now on his way to a 7:45 a.m. interview 
with a candidate to head the NHLBI. 

Collins wasted no time on his first day as 
NIH director either, when he announced five 
‘themes’ — areas of what he calls “exceptional 
opportunity” — that would receive special 

priority during his tenure (see 
Nature 460, 939; 2009). Collins 
targeted translational medicine, 
health-care reform, global health 
and “empowering and energizing 
the research community”. And 
he said he wanted to apply high-
throughput technologies includ-
ing genomics and proteomics to 
answer, as he puts it, questions with 
‘all’ in them, such as “what are all 
of the major pathways for signal 
transduction in the cell?” 

He also had to deal with some of 
the issues left over from Zerhou-
ni’s watch. He was faced with the 
delicate job of making new human 
embryonic stem-cell lines available 
for federal funding fast enough to 
suit a community that was hankering 
for them after eight years of drought 
— without any missteps that would 
provide ammunition to opponents 
of the research. Between December 
and June, the agency approved 75 

new stem-cell lines. (Collins points to the 
approvals as evidence that he “will not allow 
my own personal spiritual beliefs to interfere 
with decision-making or priority setting”.) But 
the agency has also drawn criticism for reject-
ing scores of disease-specific cell lines because 
of the broad legal language used in patient-
consent forms (see Nature 465, 852; 2010). 

Collins also faced the aftermath of several 
scandals in which NIH-supported academ-
ics had flouted reporting rules by failing to  
disclose five- and six-figure sums that they had 
collected from drug companies. In May, the 
NIH published proposed changes that would 
tighten the rules governing financial-interest 
reporting by its grantees. 

Still, nothing Collins has faced so far comes 
close to the budget straits that the agency 
now confronts as the government struggles 

to control ballooning deficits, fight two wars 
and deal with the detritus of a major economic 
crisis. As NIH director, “what happens to you 
is going to depend on things beyond your 
control”, says Anthony Fauci, director of the 
National Institute of Allergy and Infectious 
Disease since 1984. “I hope that circumstances 
beyond his control start leaning towards help-
ing him rather than hindering him.”

Slim chances
Already, this year, success rates for scientists 
applying for the agency’s research-project 
grants have dipped to an estimated 19%, 
down from 21% in 2009 and far lower than 
the comfortable 32% of a decade earlier (see 
‘Grant applications to the NIH’). The wors-
ened odds partly reflect an increase of about 
10% in the number of applications, many of 
which are recycled from failed stimulus grant 
proposals. In 2011 and 2012, the grant success 
rates are expected to fall further as stimulus 
funding runs out and its recipients attempt to 
extend support for their projects. 

The NIH’s baseline budget is also approaching 
dangerous waters. Although agency supporters 
were heartened last month when key subcom-
mittees of the Senate and House of Representa-
tives approved Obama’s request for a 3.2%, 
$1-billion boost that would bring the budget to 
$32 billion in 2011, the increase is not guaran-
teed to survive final congressional wrangling 
this autumn or winter. And it does no more than 
match the government’s predicted biomedical 
inflation rate. Things could be even bleaker in 
2012: this June, Collins, like every other federal 
agency director, was asked by the White House’s 
Office of Management and Budget, as part of 
its planning process for the 2012 US budget, to 
identify cuttable programmes amounting to 5% 
of the agency’s budget. This is  hardly a calamity 
compared with the deep research cuts occurring 
in some European countries, but still a shock 
to the NIH, which has faced only one absolute 
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Collins’s to-do list: first-year aims are mostly done.
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funding cut since 1970, and that only a 
0.1% shave (see ‘NIH budget’). Late last 
month, Collins collected from the directors 
of the NIH’s 27 institutes and centres a list 
of targeted programmes, constituting 7% 
of their budgets — the 7% giving him some 
flexibility to cut less here and more there. 
The final list is due to the White House in 
mid-September. 

The initial response of the institute 
directors to his request was “full of angst”, 
says Collins. “But there has also been a 
sense of ‘We need to look hard at every-
thing we are doing at a time like this’.” 
He remains hopeful that given Obama’s 
emphasis on science, “when the dust all 
settles and they [the White House] decide 
exactly what to do, we will be at some level 
a bit protected, but we don’t know that”. 

All or none
All this has been a growing cloud on the 
horizon even as Collins has been flesh-
ing out his five themes. He has empha-
sized translational research, throwing 
his weight behind a programme aimed 
at speeding treatments for rare and 
neglected diseases towards human  
trials. He has embraced health reforms by 
overseeing the spending of $400 million 
in Recovery Act money earmarked for 
research into the ‘comparative effectiveness’ 
of medical treatments. And he has promoted 
his global health priority with initiatives such 
as a collaboration involving Britain’s Wellcome 
Trust medical charity, in which the NIH will 
contribute $25 million over five years to study 
the genetic and environmental underpinnings 
of chronic diseases in sub-Saharan Africa. 

Collins has also been launching high-tech 
assaults on the ‘all’ questions, committing 
$175 million in Recovery Act money to accel-
erate The Cancer Genome Atlas — a five-year-
old effort to develop a detailed catalogue of all 
of the mutations associated with 20 common 
cancers. Collins’s emphasis on these types of 
ambitious projects has led some to question his 
commitment to the individual investigator and 
the mainstay, multi-year ‘R01’ grants that fund 
many such scientists. But his defenders say 
there is no evidence that Collins is advancing 
the first at the expense of the second. “Francis 
fully gets the importance of funding some of 
the larger efforts that can be so transforming. 
But I think he’s also paying very close atten-
tion to maintaining a vigorous pipeline of 
R01-funded research,” says Levi Garraway, a 
cancer biologist at Harvard Medical School 
and Dana-Farber Cancer Institute in Boston, 
Massachusetts, who holds investigator-initi-
ated NIH grants and also participates in The 

Cancer Genome Atlas project. 
Collins says that big-team science is the only 

way to produce some tools that greatly benefit 
individual investigators. But he says that the 
individual lab “is where almost all of the dis-
coveries of the present and the future are going 
to come from”. And these labs are at the centre of 
his push to “energize and empower” the research 
community by addressing peer review, training 
and other workforce issues. Anaemic success 
rates for research-project grant applicants have 
created “a terribly stressful circumstance, partic-
ularly for early-stage investigators”, says Collins, 
noting that the average age for winning a first 
R01 award has now crept above 42 years old. As 
a partial response to this, he has been planning 
the launch in 2011 of an award that will allow 
promising young investigators to skip postdoc 
positions entirely, giving them five-year funding 
to launch independent labs. 

As for the immediate concerns of thousands 
of NIH grantees edging towards the funding 
cliff, Collins says that the agency will be “sympa-
thetic” in allowing Recovery Act-funded grant-
ees to spend their money over more than two 
years, “making it more of a ramp instead of a 
cliff ”. “We will be doing other things which may 
assist the ability to give new grants, but hurt the 
people who already have them,” he adds. Those 
will include cutting individual grant budgets 

“as we have to, in order to keep as many 
researchers going as possible”.

These measures bring cold comfort 
for many in postdoc purgatory with lit-
tle prospect of securing independent 
funding. “I didn’t think it would be some 
Glory Hallelujah moment when Collins 
was appointed,” says one 35-year-old sci-
entist in his second postdoc, who asked to 
remain anonymous. He would like Collins 
to make it possible for those more than 
five years beyond their PhDs to secure 
transition funding such as a coveted 
‘K99’ award, which supports postdocs in 
the shift to independent positions. “To 
be brutally honest, I haven’t noticed any 
difference in his tenure after the first year 
compared to Zerhouni,” he says. 

But if Collins hasn’t impressed some 
struggling bench scientists, his skill as 
a public communicator may nonethe-
less help to improve the NIH’s prospects 
— or at least lessen its immediate peril.  
William Talman, president of the Federa-
tion of American Societies for Experimen-
tal Biology, attributes the White House’s 
request for a $1-billion boost for the 
NIH — even in a stark funding climate 
— to Collins’s persuasive powers. “He has 
been a superb advocate for the NIH with 
the administration and with Congress.”  

Collins has the rare gift of being able to trans-
late complex concepts into simple language,  
leaving his audiences — including all-important  
congressional audiences — feeling brilliant 
about their grasp of his material. (In one  
typical analogy he describes a haplotype, a group 
of genetic markers that are inherited together, 
as being like a neighbourhood of houses that 
moves together — with a causative mutation 
residing at one street address.) 

“The most important thing he has done 
really is his public outreach,” says Shurin, who 
recalls as typical Collins’s May guitar perform-
ance for patient advocacy groups affiliated with 
her institute. Set to the tune of Del Shannon’s 
hit Runaway, his lyrics described the anxieties 
raised by confronting a readout of one’s own 
genome  — “I’m a walking through the genes/
Don’t know what all this means/Oh what can 
the meaning be?/Behind that G and T?/And I 
wonder …” He received a standing ovation. 

Collins is going to need all of that support 
and more to help those funded by the agency 
over the cliff — or down the ramp — ahead. “I 
don’t have any magic here,” says Collins. “I wish 
I did.” ■

Meredith Wadman is a reporter for Nature 
based in Washington DC.
Collins’s biographical timeline accompanies 
this article online at go.nature.com/JbAf7H

From home to office in 15 minutes on Collins’s red Harley.
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marine life in the region. 
The changes in Oregon may be related to 

a broader pattern around the globe, in which 
subsurface patches of permanent hypoxia 
seem to be growing in size and losing yet more 
oxygen, for unknown reasons. And whether 
or not global warming is responsible for the 
changes to date, ocean models forecast that 
in the coming decades increasing water tem-
peratures and changes in circulation will drive 
oxygen concentrations down even further. 

“What we have been experiencing is a 
perfect storm — where weather, climate and 
currents can come together to crash an eco-
system,” says Chan.

Deep trouble
In mid-June this year, Chan and his crew of 
eight ploughed through 3-metre swells to 
collect water samples along a track leading 

from the open ocean to the inner continen-
tal shelf. Many of the researchers wore anti-
nausea patches; others turned green during 
the 12-hour trip as they hoisted the heavy 
sampling equipment onto the deck of the RV 
Elakha. The scientists were searching for signs 
that the oxygen levels were starting to decline, 
a sign of an impending hypoxic summer.

Storms had repeatedly delayed Chan’s 
cruises during the spring, and he wondered 
whether the weather was also delaying the 
oxygen’s vanishing act by keeping the winds 
in a favourable, generally southerly, pattern. 
Usually in the spring, occasional periods of 
northerly wind blow surface waters offshore, 
allowing cool waters, rich in nutrients but poor 
in oxygen, to upwell from deeper, offshore lay-
ers. That upwelling is what makes Oregon’s 
fisheries so productive.

But upwelling can turn deadly for creatures 

The dead fish were one of the first 
signs. In July 2002, scientists with the  
Oregon Department of Fish and Wild-
life found unusual numbers of bottom-

feeding sculpin lying lifeless on the ocean floor, 
which would normally be teeming with life. 
Crabs were also dying, and they washed up onto 
some beaches in large numbers (pictured).

Officials at the government agency asked 
Francis Chan, a biogeochemist at Oregon State 
University in Corvallis, for help in discovering 
the cause of the disturbance as quickly as pos-
sible. Chan was about to set off on a scheduled 
research cruise along the Oregon coast, so he 
grabbed all the extra equipment he could think 
of, including a brand-new oxygen sensor. 

Ocean surface waters normally contain 
5–8 millilitres of oxygen per litre of water, 
a number that declines rapidly with depth. 
But on his first day out, Chan found that at a 
depth of 50 metres the inner coastal waters off  
Oregon were hypoxic — oxygen levels there 
were lower than 1.43 millilitres per litre, so low 
that fish can’t survive1. 

Many regions of the world have hypoxic 
coastal waters, usually caused by agricul-
tural fertilizers leaking into the ocean. The 
excess nutrients fuel plankton blooms, which 
consume oxygen. But Chan knew that the 
hypoxia off the Oregon shoreline must have a 
different cause, because that part of the coast 
does not have enough farming to explain it. 
And when his colleague Jack Barth, an ocean-
ographer from Oregon State University, found 
similarly low oxygen levels farther offshore, 
the researchers knew that something unpre-
cedented was happening. 

“I remember thinking at first, ‘Lucky us, we 
saw this once in a lifetime event’,” says Chan. 

But it wasn’t an anomaly. Every summer 
since then, much of the oxygen has disappeared 
from a large patch of inner continental-shelf 
waters. In the most extreme case, in 2006, the 
waters lost all detectable oxygen for four weeks. 
Starfish and mussels died, and rockfish and 
other mobile fish fled the hypoxic zone, which 
grew to 3,000 square kilometres (ref. 2).

The phenomenon has worried the fishing 
industry in Oregon, which brings in hun-
dreds of millions of dollars each year and now 
watches each spring and summer for the return 
of the deadly waters. At the same time, scien-
tists have puzzled over the cause of the hypoxia 
and whether it might be linked to global warm-
ing or to natural variations in climate. Ocea-
nographers, including Chan, are scrambling to 
investigate the hypoxia, which is expected to 
reach this year’s peak in a few weeks. By trac-
ing the origins of the oxygen-deprived waters, 
they hope to produce forecasts that can help 
fisheries managers to minimize the harm to 

Every summer for the past nine years, water with lethally low 
concentrations of oxygen has appeared off the Oregon coast. 
The hypoxia may be a sign of things to come elsewhere, finds 
Virginia Gewin.
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DANGER BELOW
Deep zones of naturally hypoxic waters, called oxygen minimum zones (OMZs), are expanding around the world 
for reasons not yet known. Off the coast of Oregon, oxygen content in the waters above the OMZ is also 
declining, which may predispose the nearshore waters to hypoxia. As winds push surface water offshore, the 
low-oxygen, high-nutrient water wells up onto the shelf. The nutrients stimulate the growth of plankton, which 
use up oxygen when they die and decay. 

Oxygen minimum zone

  Decaying plankton
consume oxygen

Winds from
the north

near the sea floor if the winds are unrelenting. 
Normally, the winds that promote upwelling 
slacken at various times during spring and 
summer, enough to mix the waters on the con-
tinental shelf, refreshing them with oxygen. 
But some recent years have brought strong and 
steady spring winds that prevent oxygen from 
reaching subsurface waters. At the same time, 
the constant upwelling spurs blooms of phyto-
plankton, which die and then decompose, 
using up oxygen in the nearshore waters (see 
‘Danger below’). 

Chan and Barth have identified a second, 
more distant, factor that predisposes Oregon’s 
waters to become hypoxic. Farther out to sea, 
beyond the continental shelf, water at a depth 
of roughly 600–1,200 metres is permanently 
oxygen deprived, at roughly 0.5 millilitres 
per litre. Called an oxygen minimum zone 
(OMZ), the layer is a normal feature in many 
parts of the ocean; it is too far down to mix 
with the well oxygenated surface waters.

The waters above an OMZ are expected to 
have slightly lowered amounts of dissolved 
oxygen. But Chan and Barth have discovered 
that the water above the OMZ off the Oregon 
coast is steadily losing oxygen. The researchers 
pulled together 30 years of offshore recordings 
and, in an unpublished preliminary analysis, 
found that concentrations of the gas have 
dropped by 0.5 millilitres per litre and are 
now about 2 millilitres per litre — dangerously 
close to hypoxic conditions. These are the very 
waters that well up onto the continental shelf 
in the spring and summer. Chan estimates 
that this oxygen decline above the OMZ has 
pushed the chances of seeing hypoxia in the 
nearshore waters from 10% to roughly 60% 
each year. 

Around the globe, many OMZs are also  
losing oxygen and expanding horizontally and 
vertically. OMZs currently cover about 30 mil-
lion square kilometres, or 8% of the ocean 
area. These regions have mostly attracted little 
attention from researchers, but the best known 
OMZs sit off the coasts of Namibia, Chile and 
Peru — also areas of strong upwelling. 

Lothar Stramma, an oceanographer at 
the University of Kiel in Germany, cobbled 
together the sparse existing records and 
found that oxygen concentrations declined by 
between 0.1 and 0.4 millilitres per litre over the 
past 50 years within the OMZs in most regions 
of the equatorial Pacific, Atlantic and Indian 
Oceans, where the OMZs naturally reach 
much shallower depths3. And the area with 
oxygen levels intolerable for fish survival had 
grown by 4.5 million square kilometres (ref. 4), 
about double the size of Argentina. Many of 
the OMZs are adjacent to continental shelves, 
and their expansion makes it easier for water 

with low oxygen concentrations to lap up onto 
those shelves.

Chan and other researchers are trying to 
determine whether the warming climate is to 
blame for expanding OMZs and the recent 
upwelling along the Oregon 
coast. A connection is possi-
ble, in theory. Climate models 
suggest that ocean oxygen con-
centrations will decline in the 
future, mainly because increas-
ing temperatures of the surface 
waters impede mixing with 
deeper layers, and the warm-
ing also reduces the solubility 
of oxygen in the water. On top 
of that, heating of the polar 
regions may slow down the giant  
currents that carry oxygen from cold regions to 
warmer ones. Various model runs forecast that 
the global oxygen content of oceans will decline 
by 1–7% over the next century5. 

At this point, though, the Oregon research-
ers are reticent to make global warming the 
scapegoat. “We’re being rigorous in how we 
approach it, and are careful to not cry wolf,” 
says Alan Mix, a marine geochemist at Oregon 
State University. 

The main problem with investigating the 
link between climate change and hypoxia is 
that researchers lack long-term measurements 
of oxygen concentration, temperature and 
many other variables for most of the ocean. 
“We need more evidence to conclusively 

fingerprint global warming — and that 
requires a full-time presence in the ocean,” 
says Barth. Four years ago, he began deploy-
ing two automated gliders to patrol the conti-
nental shelf. The gliders, which are equipped 

with sensors for temperature, 
salinity, oxygen and the chloro-
phyll in plankton, have logged 
36,400 kilometres to date dur-
ing 1,664 days at sea. Shaped 
like torpedoes, the gliders pop 
to the surface every six hours 
and send the data back to Barth 
by satellite phone. 

Barth is also spearheading 
the north western coastal por-
tion of the Ocean Observatories 
Initiative. This $385-million, 

US-wide programme, funded by the National 
Science Foundation, will pay for an array of 
offshore instruments on the ocean floor and 
in the water above, as well as a further four  
gliders patrolling the waters off the coasts of 
Oregon and Washington, starting in 2012. 
Barth wants to locate the source of the low-
oxygen water that wells up onto the shelf and 
feeds the hypoxic events during the summer.

Some of the samples collected by Chan’s 
crew will help to pinpoint the origin of those 
unwelcome waters. Mix will use the isotopic 
signature of the oxygen in the water molecules 
to track whether it came from northern or 
southern regions of the ocean. This will help 
to determine whether expanding OMZs in 

“We have been 
experiencing a 
perfect storm — 
where weather, 
climate and 
currents come 
together to crash an 
ecosystem.”
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distant parts of the Pacific have contributed 
to the hypoxia events on the continental shelf 
of Oregon. If so, the fish deaths there may 
serve as a warning to other coastal zones in 
the ocean, which may soon start to see similar 
hypoxia. 

Fishing for answers
Some researchers in southern California are 
already on the alert. They have yet to see any 
effects on fisheries, but deeper waters off 
the continental margin have experienced 
a 20–30% decline in oxygen, according to 
Lisa Levin, a marine biologist at the Scripps 
Institution of Oceanography in La Jolla,  
California.

“Right now, it’s still out of sight, out of 
mind,” says Levin of the low-oxygen water. 
But the hypoxic conditions are creeping up 
the water column, rising by as much as 90 
metres between 1984 and 2006 off the coast 

of Santa Barbara, California6. 
“My view, which is only an educated guess, 

as we don’t have all the information, is that the 
expansion of OMZs that we’ve seen recently 
is driven by natural cycles,” says Francisco 
Chavez, a biological oceanographer at the 
Monterey Bay Aquarium Research Institute 
in Moss Landing, California. But if ocean cir-
culation slows over the coming decades, as it 
is expected to do, many OMZs will expand, 
including the world’s largest, which spans the 
southwestern coast of North America and 
the northwestern coast of South America. 
The Oregon State University team’s working 
hypothesis is that the growing OMZs will come 
within reach of many coastal regions, raising 
the risk that upwelling currents will carry oxy-
gen-starved waters to areas that have thus far 
remained free from hypoxia.

Chan says that his most immediate concern 
is how to advise fisheries managers, who are 

already facing waters that are growing warmer 
and more acidic because of climate change and 
increasing levels of dissolved carbon dioxide. 
“We have no idea whether marine organisms 
will be able to adapt to such fast changes,” he 
says. “This is evolution in real time.”

Bottom dwellers, such as crabs and starfish, 
are most vulnerable to the hypoxia and die 
first. Humboldt squid, which are tolerant of 
low-oxygen conditions, move in to feast on the 
remains. These 1.75-metre cephalopods have 
become a mascot of low-oxygen studies; the 
arrival of the squid and changes in the popula-
tion of microbes are considered signs of a sys-
tem in trouble (see ‘Natural born sensors’). 

Unlike bottom dwellers, fish can swim away 
from the hypoxic waters, and fishermen have 
learned to take advantage of that behaviour. 
“As OMZs expand and move closer to shore, 
they push the intolerant species upwards and 
narrow the amount of the water column they 
have to live in,” says Levin. That makes them 
easier to catch, so even stocks of fish that 
have escaped the hypoxia are vulnerable to its 
impacts. 

“We’re going to have to manage fisheries dif-
ferently,” says Frank Whitney, an oceanogra-
pher with Fisheries and Oceans Canada, based 
in Victoria, British Columbia. In the past, he 
says, there was enough oxygen in the ocean, so 
fish could find refuges when upwelling caused 
local hypoxia. But that may be changing. If 
oxygen levels continue to decline, he says, 
managers may have to think about setting aside 
marine reserves — areas closed to fishing — in 
both deep and shallow waters to give fish ample 
refuges during hypoxic events.

Off the coast of Oregon, the situation 
seemed promising this spring, because the 
storms kept the coastal waters well oxygenated. 
Chan and other researchers there had hoped 
that the weather might break the recent cycle 
of hypoxia. But when he went out on the RV 
Elakha in June, Chan found that oxygen values 
had started to drop just as they have every year 
since 2002. He returned to sea late last month 
and saw a that there has been a steady decline 
in oxygen in the nearshore waters. Summer-
time hypoxia, it seems, has become the norm 
in this part of the world. ■

Virginia Gewin is a freelance writer based in 
Portland, Oregon.
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the expansion of hypoxic 
waters will do more than 
just harm fish. It could also 
indirectly accelerate global 
warming by changing how 
marine microbes behave. 

When oxygen isn’t available 
in sufficient quantities, 
microbes that consume it are 
replaced by ones that take 
up and reduce nitrate to form 
nitrous oxide. that nitrous 
oxide can escape into the 
atmosphere, where it exerts a 
powerful greenhouse effect. 
the process also robs the sea of 
nitrogen, an important nutrient.

the regions with little 
oxygen “may cover only 
a small percentage of the 
world’s oceans, but they 

disproportionately release 
greenhouse gases such as 
nitrous oxide and methane, 
making them globally 
significant”, says Osvaldo 
Ulloa, chair of the department 
of oceanography at the 
University of Concepción in 
Chile. 

Ulloa and Edward Delong, 
a microbial ecologist at the 
Massachusetts Institute of 
technology in Cambridge, 
have been studying the 
microbial communities in 
oxygen-depleted waters off 
the coast of Chile. “Microbes 
are exquisite sensors — we just 
need to read their outputs,” 
says Delong.

One easily read microbe was 

identified last year by steve 
Hallam, a former postdoctoral 
researcher in Delong’s lab who 
is now a microbiologist at the 
University of British Columbia 
in Vancouver, Canada. Hallam 
found an anaerobic bacterium, 
‘sUP05’, in the seasonally 
oxygen-depleted waters of 
saanich Inlet on the western 
coast of Canada7. He has 
also detected the bacterium 
in low-oxygen zones off the 
coasts of Namibia and Peru — 
suggesting that this microbe 
could be a sentinel species. 
“It can serve as an indicator 
of a changing water column if 
we find it in an environment 
where it previously didn’t 
exist,” says Hallam.  V.G.

Natural born sensors
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Researchers prepare to deploy an automated underwater glider to collect marine data.
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Press release and 
media distort 
complex message
Five days after publication of 
Heike Vester and Marc Timme’s 
Correspondence on the potential 
environmental damage by Chile’s 
salmon farms (Nature 465, 869; 
2010), the Max Planck Society in 
Munich posted a press release 
on the ‘Environmental scandal in 
Chile’ (go.nature.com/EnJh9B). 
This gave rise to media reports that 
should remind scientists of their 
responsibility to be able to back up 
their comments and opinions.

The two documents generated 
newspaper and magazine 
articles globally (we analysed 
13 sources; available from the 
authors). Most of these mixed 
up extracts from both texts and 
attributed statements to Vester 
and Timme’s “report published in 
the journal Nature” that were not 
in the Correspondence. The news 
articles did not mention caveats 
of the salmon industry worldwide: 
uncertain facts, disputed values, 
high stakes and urgent decisions.

It is uncertainties in available 
information that undermine 
evaluations of ecosystem health, 
rather than the potential ecological 
and social risks associated with the 
industry at large. The management 
of uncertainty by scientists rests 
on high-quality, peer-reviewed 
data. Bypassing that process risks 
compromising the credibility of 
science and scientists. 

As a result of Nature’s 
position as an interlocutor of the 
science–society interface, this 
case fits the concept of ‘post-
normal’ uncertainty, in which 

Difference between 
interim and final 
acid-rain reports
William Nierenberg’s relatives 
disagree with our description of 
his role in the acid-rain debate 
in the early 1980s (Nature 466, 
435; 2010). But their supporting 
evidence is a quote from The New 
York Times that is based on an 
interim report on acid rain, not on 
the final one.

We maintain that Nierenberg 
worked with the White House 
Office of Science and Technology 
to weaken the final report on acid 
rain (Nature 465, 686–687; 2010), 
despite the consensus of the peer-
review panel — articulated in the 
interim report — that acid rain 
was a serious threat. Historical 
documents from the White House 
and from Nierenberg’s own papers 
in the archives of the Scripps 
Institution of Oceanography 
(for details, see N. Oreskes and 
E. M. Conway Merchants of Doubt; 
Bloomsbury Press, 2010) show 
how this was accomplished, and 
reveal the concern of other panel 
members when they discovered 
what had happened.
Naomi Oreskes University of California, 
San Diego, California 92093, USA
e-mail: naoreskes@ucsd.edu
Erik M. Conway California Institute 
of Technology, Pasadena, California 
91109, USA  

Problems in Turkish 
science run deeper 
than petty disputes
The problems facing 
palaeoanthropologists in Turkey 
go beyond petty disputes 
between colleagues (Nature 466, 
176–178; 2010). They stem from 
the political and cultural forces 
generated by the country’s 1980 
political coup.

The Turkish education system 
seems to have been infiltrated 
by the post-coup government’s 
religious and nationalist agenda. 
Innovative research is inhibited 
by the restrictive nature of the 
academic material that students 
may study. 

Turkish palaeoanthropologists 
have sought to overcome such 
limitations by collaborating 
with foreign scientists. But this 
often disadvantages Turkish 
scholars: although they supply 
the raw materials, it is the foreign 
scientists who have the necessary 
methods, techniques, equipment 
and language to assess and 
publish fossil findings. Few 
palaeoanthropological papers are 
published by Turkish scientists 
alone. 

In striving to compete in the 
international sphere, Turkish 

palaeoanthropologists should not 
overlook the need to establish 
a solid science base at home. 
By giving priority to their own 
Turkish-led research, they will be 
helping the next generation to 
benefit from their knowledge and 
experience.
Ferhat Kaya Ahi Evran University, 
Kırşehir 40100, Turkey
e-mail: paleolife@yahoo.com

Concerns regarding 
sinking of South 
Korean warship
In a News story (Nature 466, 
302–303; 2010), you discuss 
Seung-Hun Lee’s analysis of the 
official South Korean report on the 
sinking of the warship Cheonan 
on 26 March (S.-H. Lee and 
P. Yang, preprint at http://arxiv.
org/abs/1006.0680; 2010). In 
my opinion (I am independent 
and not politically connected), 
neither this work nor the 
report from South Korea’s Joint 
Investigation Group (JIG) seems 
sufficiently technically convincing 
to explain the event fully (see also 
go.nature.com/aS7Eoz; go.nature.
com/JQLzcU and go.nature.
com/7bpWYL; in Korean).

It is reasonable to assume that 
all navies now use some form 
of aluminized explosive for their 
torpedoes. Good simulation 
experiments are only feasible if 
they use the same aluminized 
explosive as the torpedo in 
question; however, it is unlikely 
that the explosive’s producers will 
identify themselves in this case, let 
alone make it available. Assuming 
it was not an accident, only the 
party responsible for sinking the 
Cheonan can carry out the proper 
simulation experiments.

Having related knowledge 
and experience of the subject, I 
find that the critical weakness of 
Lee’s simulation experiment is 
that it didn’t use explosive; also, 
I believe that Panseok Yang’s 
analytical (electron-dispersive 
spectroscopy) data were not 
properly corrected so should 
not be compared with the JIG’s 
uncorrected data. As for the 
JIG experiment, it does not 
reproduce the actual conditions 
of an explosion. It used 15 grams 
of sealed explosive in sea water 
(compare with the 200–300 
kilograms in the suspected 
torpedo), producing an explosive 
pressure of less than 1,000 
atmospheres; however, the 
temperature and pressure inside 
a torpedo just before it explodes 
are likely to reach up to 5,000 °C 

and 200,000 atmospheres, 
which will oxidize almost all of the 
aluminium in the explosive.

Even without simulation 
experiments, it should still be 
possible to determine whether 
the deposits from two different 
sources (the ship and the 
torpedo) are the same material, 
and whether they contain the 
forms of aluminium used in 
explosives.

My concern is whether the 
currently available data from the 
deposits have been correctly 
sampled and interpreted. A 
more comprehensive chemical 
and physical analysis should 
provide more accurate and useful 
information.
Kwang Sup Kim Andover, 
Massachusetts, USA

the science is forced to play out 
under heavy social and political 
pressure — as in climate change 
and overexploitation of natural 
resources. But science still has a 
duty to provide sound information 
so that society can find ways to 
adapt to a changing world.
Víctor H. Marín, Luisa E. Delgado, 
Antonio Tironi Facultad de Ciencias, 
Universidad de Chile, Las Palmeras 
3425, Ñuñoa, Santiago, Chile 
e-mail: vmarin@antar.uchile.cl

Editorial note: Correspondence items 
are short opinion pieces; they are 
neither peer reviewed nor original 
research. See author guidelines at 
go.nature.com/cMCHno.
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Several regulatory agencies are gearing up 
to control at least some aspects of genetic 
testing. In the United States, the Food and 

Drug Administration (FDA) held meetings in 
June and July on how and what to regulate1,2. 
In Europe, regulatory authorities and industry 
lobbyists are pushing to remove an exemption 
from the European Union directive on in vitro 
diagnostic medical devices. This currently 
allows institutions to design, produce and vali-
date the performance of their own tests. 

Some regulation is essential. Yet implement-
ing appropriate constraints is a formidable 
challenge given the complexity of the biology 
and the speed at which the technology and 
knowledge are evolving. If the FDA follows 
through on the approach that it seems to be 
pursuing  — and regulates the interpretation 
of genetic tests in impractical detail  — at best, 
a huge amount of government time and money 
will be wasted. At worst, genetic diagnostics 
will grind to a halt. To ensure that patients are 
not deprived of real and potential benefits of 
medical advances, the agency should instead 
apply stringent regulation to the performance 
of the tests themselves and allow the interpreta-
tion of the results to be carried out by board-
certified practitioners. 

Genetic-testing services are proliferating fast. 
In 1993, tests were available for about 100 dis-
eases. By 2009, the number was almost 1,900 
(see ‘Growth of genetic tests’)3. Some forms of 
testing are major advances in the diagnosis of 
certain conditions, such as Rett syndrome and 
types of brittle bone disease. The clinical utility 

of others — such as the high-throughput geno-
typing that is widely offered by companies that 
sell tests directly to consumers — is debatable. 

Less than 1% of genetic testing is currently 
overseen by regulatory agencies, such as the 
the FDA and the Medicines and Healthcare 
Products Regulatory Agency (MHRA) in the 
United Kingdom. Increasingly, such agencies 
are responding to calls to exert greater con-
trol — from politicians, health-care adminis-
trators and government advisory committees, 
as well as from geneticists and the public. 

Academic organizations in Europe and the 
United States are right to have recommended 
a ban on ‘direct-to-consumer’ medical genetic 
testing4,5. Direct-to-consumer tests, by defi-
nition, mean that individuals are given their 
results without the involvement of a health-
care provider. In the future, this method of 
delivering results could be approved for testing 
ancestry or determining the sex of an unborn 
baby. But the interpretation of findings that 
might warrant medical intervention requires 
a level of expertise that is currently beyond the 
capacity of even most physicians. 

In the clinic
Turning to the kind of testing used in clinical 
diagnostics, recent FDA announcements1,2 and 
recommendations from a US government advi-
sory committee on genetics, health and society 6 
suggest that the FDA is pursuing an ill-consid-
ered approach. Some statements6 imply that 
genetic tests should meet certain requirements 
for clinical sensitivity (the proportion of patients 

for whom the test correctly identifies or predicts 
a disorder), clinical specificity (the proportion 
of patients for whom the test correctly detects or 
predicts the absence of a disorder) and clinical 
utility (the balance between the health-related 
benefits and the harm, either psychological or 
medical, that might result from a test). 

Homing in on this level of detail has been 
appropriate in more straightforward scenarios, 
such as the regulation of HIV testing. But mak-
ing a clinical diagnosis based on genetic test-
ing often means assessing tens of thousands or 
even hundreds of thousands of variations in 
the genome — as well as complex interactions 
between genetic variants and the environment. 
Also, one of the novelties of the genetic data 
currently being generated is that we know that 
we will be able to interpret them more accu-
rately in one, five or ten years from now. 

Some genetic tests are fairly straightforward. 
For example, in Marfan syndrome and neuro-
fibromatosis, a relatively simple relationship 
exists between each disease and a single muta-
tion — although even for these conditions, 
the importance of several other disease-asso-
ciated mutations is uncertain. In other cases, 
the significance of observed genetic variation 
is unclear. Laboratories carrying out tests to 
detect the number of copies of specific DNA 
sequences in the genome routinely report find-
ings of uncertain significance, with the expec-
tation that their clinical relevance will become 
clear in the next few years. 

If regulatory agencies block testing until the 
clinical sensitivity, specificity and utility of all 

Which way for genetic-test regulation?
Although largely unregulated, genetic tests are increasingly used to diagnose conditions, map ancestry or predict 
disease risk. In the first of two related pieces, Arthur L. Beaudet advocates the US Food and Drug Administration 
banning direct-to-consumer medical tests but leaving the analysis of clinical diagnostics to specialists. In the 
second, Gail Javitt argues that the agency should implement a regulatory framework for all health-related tests.

Leave test interpretation to specialists
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the genetic markers involved in any one diag-
nosis have been assessed and approved, the use 
of genetic diagnostics will come to a standstill. 
In such a situation, almost all complex forms 
of genetic testing would become outmoded 
before they could be approved.

To allow the science and medical practice 
of genetic testing to flourish, regulatory agen-
cies should ensure that all genetic tests provide 
accurate and reliable genotype, sequence and 
copy-number data. They should also ensure 
that complete and detailed data sets are stored 
electronically in a way that guarantees the pri-
vacy of individuals — for example, as part of, or 
linked to, medical records. By contrast, the agen-
cies need to understand that data interpretation 
must remain an integral part of the decision-
making ‘art’ of medical practice and be held in 
check only by the mechanisms normally used 
to oversee the practice of medicine — primarily 
board certification. 

This dual pathway would be similar to the 
regulatory framework used in radiology, say. 
For magnetic resonance imaging of a patient’s 
brain, for example, agencies such as the MHRA 
and FDA regulate the equipment used (whether 
the software and magnets are appropriate, for 
instance). The interpretation of the scans is 
overseen through the training programmes, 
examinations and licensing procedures for 
radiologists. 

Currently, the results of genetic tests are inter-
preted by molecular geneticists, cyto geneticists 
and molecular pathologists. As more is dis-
covered, perhaps more specialist ‘genomicists’ 
will be needed. These people would be trained 
specifically in disease pathogenesis, genetics, 
genomics and bioinformatics. 

Ultimately, separating test performance from 
test interpretation will make the tasks of regula-
tory agencies far more achievable and keep them 
within the purview of their public mandate.  ■
Arthur L. Beaudet is in the Department of 
Molecular and Human Genetics at Baylor College 
of Medicine, Houston, Texas 77030, USA. 
e-mail: abeaudet@bcm.edu. 
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This summer, the US Food and Drug 
Administration (FDA) sent letters to 
several companies that offer health-

related genetic testing directly to customers. 
These missives informed the companies that 
the tests are medical devices requiring FDA 
authorization. The agency has stopped short 
of threatening to block sales, but the impli-
cation is clear: the FDA believes the current 
marketing of these tests to be unlawful.

Opponents of direct-to-consumer (DTC) 
testing, who worry that consumers could 
make harmful decisions after receiving incor-
rect or inadequate information about test 
results1, may be relieved by the FDA’s actions. 
Proponents of such testing may question 
whether the FDA can justify acting as gate-
keeper to people’s genomes. Either way, the 
FDA’s letters are a stopgap measure that fails 
to ensure genetic testing quality in general or 

to position DTC tests appropriately within an 
overarching regulatory scheme. 

‘Direct to consumer’ is simply a delivery 
method that in itself provides no information 
about the quality of the test offered. Instead of 
treating DTC genetic testing as a special case, 
the FDA and other agencies around the world 
should implement a regulatory framework 
that ensures the quality of all health-related 
genetic tests and imposes requirements com-
mensurate with each test’s level of risk. Within 
this framework, regulators should define the 
contexts under which direct consumer access 
to health-related genetic tests is appropriate. 
They should also put in place requirements 
to ensure that customers receive adequate 
explanation of test results. 

About 30 companies worldwide now offer 
more than 400 tests directly to consumers. 
These range from the ‘recreational’, such as 

Assign regulation appropriate 
to the level of risk

GENETIC TESTS OFFERED BY DIRECT-TO-CONSUMER COMPANIES
Type of health-related condition or  
trait assessed

Examples Number of 
companies

Chromosomal aberrations Recurrent pregnancy loss, deletion of a piece of 
chromosome 22q (DiGeorge syndrome)

2

Single-gene diseases Cystic fibrosis, haemochromatosis 7

Susceptibility to cancer High risk: variants of tumour-suppressor genes 
BRCA1, BRCA2, PTEN

3

Low risk: variants of genes associated with lung 
cancer or prostate cancer

7

Susceptibility to non-cancerous 
common complex diseases

Cardiovascular: thrombosis 15

Digestive : Crohn’s disease, gall-bladder disease 8

Endocrine: obesity, type 2 diabetes 6

Immune: allergies, lupus 6

Nervous: amyotrophic lateral sclerosis, epilepsy 10

Reproductive: endometriosis, infertility 4

Respiratory: asthma, emphysema 4

Skeletal: arthritis, back pain 9

Skin: psoriasis 3

Urinary: kidney stones 2

Susceptibility to psychiatric conditions Depression, schizophrenia 4

Risk due to oxidative stress Coenzyme Q10 efficiency 3

Metabolism of, or response to, 
pharmaceuticals or other substances

Caffeine metabolism, β-blocker response 13

Substance dependence Nicotine dependence, heroin addiction 4

Risk or progression of infectious disease Norovirus resistance, HIV infection progression 3

Non-disease-related health profiles Fatigue, body composition 9
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those for earwax type, to the serious, for the 
risk of developing diabetes or heart disease (see 
‘Genetic tests offered by direct-to-consumer 
companies’). In most cases, the results of tests 
are provided with little if any involvement of a 
health-care practitioner. Recent analyses have 
found that many of the companies’ claims 
relating to the significance of genetic mark-
ers are overblown2,3 — suggesting that at least 
some businesses will not be able to validate 
their tests to the FDA’s satisfaction. Yet if the 
agency’s endgame is to block DTC testing in 
the long term — as recent statements by some 
FDA officials imply — it will have to come up 
with a rationale beyond whether the tests are 
adequately validated.

Some in the genetics community would 
like to draw a line between ‘legitimate’ tests 
offered by clinical laboratories and DTC 
genetic tests. But such a distinction is likely to 
prove illusory. Any test performed on a blood 
or saliva specimen could, in theory, be offered 
directly to consumers, and 
many such tests have already 
been well validated, including 
those for diagnosing classical 
Mendelian disorders such as 
sickle-cell anaemia and cystic 
fibrosis. For some of the emer-
ging predictive genetic mark-
ers, validation data are likely to surface after 
further research.

A categorical ban on DTC testing using vali-
dated tests would be difficult for the FDA to jus-
tify. Certainly, in the past decade, the agency’s 
ability to prevent the public from gaining access 
to truthful, non-misleading information about 
prescription drugs and dietary supplements has 
been sharply curtailed by the judiciary4. 

In reality, the problems popularly associ-
ated with genetic tests go beyond DTC testing. 
Insufficient oversight is in place to ensure the 
clinical validity of at least some of the newer, 
more complex tests offered by both DTC 

companies and clinical laboratories. Also, for 
many genetic tests, neither health-care prov-
iders nor the public has access to enough infor-
mation to properly interpret test results. 

Prior knowledge 
US regulatory agencies have many tools already 
at hand to ensure that all genetic testing is valid 
and safe, regardless of how test results are deliv-
ered. They should draw on their considerable 
experience in dealing with other regulated 
products, such as pharmaceuticals.

A first step should be for regulators — in 
particular, the US Federal Trade Commission, 
which protects consumers against fraud — to 
enforce existing laws against companies mak-
ing false or misleading claims about their 
tests. Some of the more outrageous claims (for 
instance, accurately predicting the sex of a 
child five weeks into a pregnancy, which is not 
supported by scientific evidence) have come 
from DTC testing companies, so in this regard 

the DTC testing industry does 
need particular attention. 

Agencies should next assign 
regulation to each test accord-
ing to its level of risk. It would 
be a waste of resources for the 
FDA to require laboratories to 
submit clinical validation data 

for certain tests. Those recommended by pro-
fessional medical societies for prenatal or new-
born screening, for example, are already well 
validated and are now part of standard medical 
practice. However, the FDA should ensure that 
tests based on novel methods, or used to make 
therapeutic decisions with significant clinical 
impact, are properly validated before they are 
introduced into health care. 

Whether a test can be delivered directly 
to consumers should depend on its level of 
risk — as is the case for other FDA-regulated 
products. Some genetic tests are likely to be 
comparable to pregnancy tests and could be 

sold over the counter. Others may be similar 
to HIV test kits. In this case, sample collection 
kits may lawfully be sold directly to customers 
but need to be sent to a laboratory for process-
ing. Manufacturers of such tests are required by 
the FDA to ensure that counselling is provided. 
Still other tests should be treated in the same 
way as diagnostic tests for cancer, which cur-
rently can be obtained only through a health-
care practitioner.

A particular challenge for the regulators of 
genetic testing, both in the United States and 
elsewhere, is that geneticists’ understanding 
of the clinical significance of markers is evolv-
ing rapidly. Again, the FDA can draw on past 
experience to deal with this. Existing regula-
tory tools — such as those used for prescrip-
tion drugs — allow companies to make certain 
changes to their products, without prior FDA 
approval, in the light of new information. They 
also allow products to be marketed on the con-
dition that more data will be collected. 

In such a fast-changing landscape, striking 
the right balance between protecting the pub-
lic and promoting innovation is crucial. To get 
it right, agencies must proceed in small steps, 
articulate clear goals and rationales for their 
proposed actions, and consider input from all 
those affected.  ■

Gail Javitt is a research scholar at the Berman 
Institute of Bioethics, Johns Hopkins University 
and counsel at Sidley Austin. 
e-mail: gjavitt1@jhu.edu 
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Several regulatory agencies are gearing up 
to control at least some aspects of genetic 
testing. In the United States, the Food and 

Drug Administration (FDA) held meetings in 
June and July on how and what to regulate1,2. 
In Europe, regulatory authorities and industry 
lobbyists are pushing to remove an exemption 
from the European Union directive on in vitro 
diagnostic medical devices. This currently 
allows institutions to design, produce and vali-
date the performance of their own tests. 

Some regulation is essential. Yet implement-
ing appropriate constraints is a formidable 
challenge given the complexity of the biology 
and the speed at which the technology and 
knowledge are evolving. If the FDA follows 
through on the approach that it seems to be 
pursuing  — and regulates the interpretation 
of genetic tests in impractical detail  — at best, 
a huge amount of government time and money 
will be wasted. At worst, genetic diagnostics 
will grind to a halt. To ensure that patients are 
not deprived of real and potential benefits of 
medical advances, the agency should instead 
apply stringent regulation to the performance 
of the tests themselves and allow the interpreta-
tion of the results to be carried out by board-
certified practitioners. 

Genetic-testing services are proliferating fast. 
In 1993, tests were available for about 100 dis-
eases. By 2009, the number was almost 1,900 
(see ‘Growth of genetic tests’)3. Some forms of 
testing are major advances in the diagnosis of 
certain conditions, such as Rett syndrome and 
types of brittle bone disease. The clinical utility 

of others — such as the high-throughput geno-
typing that is widely offered by companies that 
sell tests directly to consumers — is debatable. 

Less than 1% of genetic testing is currently 
overseen by regulatory agencies, such as the 
the FDA and the Medicines and Healthcare 
Products Regulatory Agency (MHRA) in the 
United Kingdom. Increasingly, such agencies 
are responding to calls to exert greater con-
trol — from politicians, health-care adminis-
trators and government advisory committees, 
as well as from geneticists and the public. 

Academic organizations in Europe and the 
United States are right to have recommended 
a ban on ‘direct-to-consumer’ medical genetic 
testing4,5. Direct-to-consumer tests, by defi-
nition, mean that individuals are given their 
results without the involvement of a health-
care provider. In the future, this method of 
delivering results could be approved for testing 
ancestry or determining the sex of an unborn 
baby. But the interpretation of findings that 
might warrant medical intervention requires 
a level of expertise that is currently beyond the 
capacity of even most physicians. 

In the clinic
Turning to the kind of testing used in clinical 
diagnostics, recent FDA announcements1,2 and 
recommendations from a US government advi-
sory committee on genetics, health and society 6 
suggest that the FDA is pursuing an ill-consid-
ered approach. Some statements6 imply that 
genetic tests should meet certain requirements 
for clinical sensitivity (the proportion of patients 

for whom the test correctly identifies or predicts 
a disorder), clinical specificity (the proportion 
of patients for whom the test correctly detects or 
predicts the absence of a disorder) and clinical 
utility (the balance between the health-related 
benefits and the harm, either psychological or 
medical, that might result from a test). 

Homing in on this level of detail has been 
appropriate in more straightforward scenarios, 
such as the regulation of HIV testing. But mak-
ing a clinical diagnosis based on genetic test-
ing often means assessing tens of thousands or 
even hundreds of thousands of variations in 
the genome — as well as complex interactions 
between genetic variants and the environment. 
Also, one of the novelties of the genetic data 
currently being generated is that we know that 
we will be able to interpret them more accu-
rately in one, five or ten years from now. 

Some genetic tests are fairly straightforward. 
For example, in Marfan syndrome and neuro-
fibromatosis, a relatively simple relationship 
exists between each disease and a single muta-
tion — although even for these conditions, 
the importance of several other disease-asso-
ciated mutations is uncertain. In other cases, 
the significance of observed genetic variation 
is unclear. Laboratories carrying out tests to 
detect the number of copies of specific DNA 
sequences in the genome routinely report find-
ings of uncertain significance, with the expec-
tation that their clinical relevance will become 
clear in the next few years. 

If regulatory agencies block testing until the 
clinical sensitivity, specificity and utility of all 

Which way for genetic-test regulation?
Although largely unregulated, genetic tests are increasingly used to diagnose conditions, map ancestry or predict 
disease risk. In the first of two related pieces, Arthur L. Beaudet advocates the US Food and Drug Administration 
banning direct-to-consumer medical tests but leaving the analysis of clinical diagnostics to specialists. In the 
second, Gail Javitt argues that the agency should implement a regulatory framework for all health-related tests.

Leave test interpretation to specialists
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the genetic markers involved in any one diag-
nosis have been assessed and approved, the use 
of genetic diagnostics will come to a standstill. 
In such a situation, almost all complex forms 
of genetic testing would become outmoded 
before they could be approved.

To allow the science and medical practice 
of genetic testing to flourish, regulatory agen-
cies should ensure that all genetic tests provide 
accurate and reliable genotype, sequence and 
copy-number data. They should also ensure 
that complete and detailed data sets are stored 
electronically in a way that guarantees the pri-
vacy of individuals — for example, as part of, or 
linked to, medical records. By contrast, the agen-
cies need to understand that data interpretation 
must remain an integral part of the decision-
making ‘art’ of medical practice and be held in 
check only by the mechanisms normally used 
to oversee the practice of medicine — primarily 
board certification. 

This dual pathway would be similar to the 
regulatory framework used in radiology, say. 
For magnetic resonance imaging of a patient’s 
brain, for example, agencies such as the MHRA 
and FDA regulate the equipment used (whether 
the software and magnets are appropriate, for 
instance). The interpretation of the scans is 
overseen through the training programmes, 
examinations and licensing procedures for 
radiologists. 

Currently, the results of genetic tests are inter-
preted by molecular geneticists, cyto geneticists 
and molecular pathologists. As more is dis-
covered, perhaps more specialist ‘genomicists’ 
will be needed. These people would be trained 
specifically in disease pathogenesis, genetics, 
genomics and bioinformatics. 

Ultimately, separating test performance from 
test interpretation will make the tasks of regula-
tory agencies far more achievable and keep them 
within the purview of their public mandate.  ■
Arthur L. Beaudet is in the Department of 
Molecular and Human Genetics at Baylor College 
of Medicine, Houston, Texas 77030, USA. 
e-mail: abeaudet@bcm.edu. 

1. www.fda.gov/MedicalDevices/NewsEvents/
WorkshopsConferences/ucm214671.htm 

2. www.fda.gov/MedicalDevices/NewsEvents/
WorkshopsConferences/ucm212830.htm

3. www.ncbi.nlm.nih.gov/projects/GeneTests/static/
whatsnew/labdirgrowth.shtml

4. American College of Medical Genetics Board of Directors. 
Genet. Med. 6, 60 (2004).

5. www.eshg.org/fileadmin/www.eshg.org/documents/
PPPC-ESHG-DTC-06122009.pdf

6. The Secretary’s Advisory Committee on Genetics, Health, 
and Society. U.S. System of Oversight of Genetic Testing 
(US Dept Health & Human Services, 2008); available at 
http://oba.od.nih.gov/oba/SACGHS/reports/SACGHS_
oversight_report.pdf

The author declares competing interests: details 
accompany the article at go.nature.com/RVnqJ8.

This summer, the US Food and Drug 
Administration (FDA) sent letters to 
several companies that offer health-

related genetic testing directly to customers. 
These missives informed the companies that 
the tests are medical devices requiring FDA 
authorization. The agency has stopped short 
of threatening to block sales, but the impli-
cation is clear: the FDA believes the current 
marketing of these tests to be unlawful.

Opponents of direct-to-consumer (DTC) 
testing, who worry that consumers could 
make harmful decisions after receiving incor-
rect or inadequate information about test 
results1, may be relieved by the FDA’s actions. 
Proponents of such testing may question 
whether the FDA can justify acting as gate-
keeper to people’s genomes. Either way, the 
FDA’s letters are a stopgap measure that fails 
to ensure genetic testing quality in general or 

to position DTC tests appropriately within an 
overarching regulatory scheme. 

‘Direct to consumer’ is simply a delivery 
method that in itself provides no information 
about the quality of the test offered. Instead of 
treating DTC genetic testing as a special case, 
the FDA and other agencies around the world 
should implement a regulatory framework 
that ensures the quality of all health-related 
genetic tests and imposes requirements com-
mensurate with each test’s level of risk. Within 
this framework, regulators should define the 
contexts under which direct consumer access 
to health-related genetic tests is appropriate. 
They should also put in place requirements 
to ensure that customers receive adequate 
explanation of test results. 

About 30 companies worldwide now offer 
more than 400 tests directly to consumers. 
These range from the ‘recreational’, such as 

Assign regulation appropriate 
to the level of risk

GENETIC TESTS OFFERED BY DIRECT-TO-CONSUMER COMPANIES
Type of health-related condition or  
trait assessed

Examples Number of 
companies

Chromosomal aberrations Recurrent pregnancy loss, deletion of a piece of 
chromosome 22q (DiGeorge syndrome)

2

Single-gene diseases Cystic fibrosis, haemochromatosis 7

Susceptibility to cancer High risk: variants of tumour-suppressor genes 
BRCA1, BRCA2, PTEN

3

Low risk: variants of genes associated with lung 
cancer or prostate cancer

7

Susceptibility to non-cancerous 
common complex diseases

Cardiovascular: thrombosis 15

Digestive : Crohn’s disease, gall-bladder disease 8

Endocrine: obesity, type 2 diabetes 6

Immune: allergies, lupus 6

Nervous: amyotrophic lateral sclerosis, epilepsy 10

Reproductive: endometriosis, infertility 4

Respiratory: asthma, emphysema 4

Skeletal: arthritis, back pain 9

Skin: psoriasis 3

Urinary: kidney stones 2

Susceptibility to psychiatric conditions Depression, schizophrenia 4

Risk due to oxidative stress Coenzyme Q10 efficiency 3

Metabolism of, or response to, 
pharmaceuticals or other substances

Caffeine metabolism, β-blocker response 13

Substance dependence Nicotine dependence, heroin addiction 4

Risk or progression of infectious disease Norovirus resistance, HIV infection progression 3

Non-disease-related health profiles Fatigue, body composition 9
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those for earwax type, to the serious, for the 
risk of developing diabetes or heart disease (see 
‘Genetic tests offered by direct-to-consumer 
companies’). In most cases, the results of tests 
are provided with little if any involvement of a 
health-care practitioner. Recent analyses have 
found that many of the companies’ claims 
relating to the significance of genetic mark-
ers are overblown2,3 — suggesting that at least 
some businesses will not be able to validate 
their tests to the FDA’s satisfaction. Yet if the 
agency’s endgame is to block DTC testing in 
the long term — as recent statements by some 
FDA officials imply — it will have to come up 
with a rationale beyond whether the tests are 
adequately validated.

Some in the genetics community would 
like to draw a line between ‘legitimate’ tests 
offered by clinical laboratories and DTC 
genetic tests. But such a distinction is likely to 
prove illusory. Any test performed on a blood 
or saliva specimen could, in theory, be offered 
directly to consumers, and 
many such tests have already 
been well validated, including 
those for diagnosing classical 
Mendelian disorders such as 
sickle-cell anaemia and cystic 
fibrosis. For some of the emer-
ging predictive genetic mark-
ers, validation data are likely to surface after 
further research.

A categorical ban on DTC testing using vali-
dated tests would be difficult for the FDA to jus-
tify. Certainly, in the past decade, the agency’s 
ability to prevent the public from gaining access 
to truthful, non-misleading information about 
prescription drugs and dietary supplements has 
been sharply curtailed by the judiciary4. 

In reality, the problems popularly associ-
ated with genetic tests go beyond DTC testing. 
Insufficient oversight is in place to ensure the 
clinical validity of at least some of the newer, 
more complex tests offered by both DTC 

companies and clinical laboratories. Also, for 
many genetic tests, neither health-care prov-
iders nor the public has access to enough infor-
mation to properly interpret test results. 

Prior knowledge 
US regulatory agencies have many tools already 
at hand to ensure that all genetic testing is valid 
and safe, regardless of how test results are deliv-
ered. They should draw on their considerable 
experience in dealing with other regulated 
products, such as pharmaceuticals.

A first step should be for regulators — in 
particular, the US Federal Trade Commission, 
which protects consumers against fraud — to 
enforce existing laws against companies mak-
ing false or misleading claims about their 
tests. Some of the more outrageous claims (for 
instance, accurately predicting the sex of a 
child five weeks into a pregnancy, which is not 
supported by scientific evidence) have come 
from DTC testing companies, so in this regard 

the DTC testing industry does 
need particular attention. 

Agencies should next assign 
regulation to each test accord-
ing to its level of risk. It would 
be a waste of resources for the 
FDA to require laboratories to 
submit clinical validation data 

for certain tests. Those recommended by pro-
fessional medical societies for prenatal or new-
born screening, for example, are already well 
validated and are now part of standard medical 
practice. However, the FDA should ensure that 
tests based on novel methods, or used to make 
therapeutic decisions with significant clinical 
impact, are properly validated before they are 
introduced into health care. 

Whether a test can be delivered directly 
to consumers should depend on its level of 
risk — as is the case for other FDA-regulated 
products. Some genetic tests are likely to be 
comparable to pregnancy tests and could be 

sold over the counter. Others may be similar 
to HIV test kits. In this case, sample collection 
kits may lawfully be sold directly to customers 
but need to be sent to a laboratory for process-
ing. Manufacturers of such tests are required by 
the FDA to ensure that counselling is provided. 
Still other tests should be treated in the same 
way as diagnostic tests for cancer, which cur-
rently can be obtained only through a health-
care practitioner.

A particular challenge for the regulators of 
genetic testing, both in the United States and 
elsewhere, is that geneticists’ understanding 
of the clinical significance of markers is evolv-
ing rapidly. Again, the FDA can draw on past 
experience to deal with this. Existing regula-
tory tools — such as those used for prescrip-
tion drugs — allow companies to make certain 
changes to their products, without prior FDA 
approval, in the light of new information. They 
also allow products to be marketed on the con-
dition that more data will be collected. 

In such a fast-changing landscape, striking 
the right balance between protecting the pub-
lic and promoting innovation is crucial. To get 
it right, agencies must proceed in small steps, 
articulate clear goals and rationales for their 
proposed actions, and consider input from all 
those affected.  ■

Gail Javitt is a research scholar at the Berman 
Institute of Bioethics, Johns Hopkins University 
and counsel at Sidley Austin. 
e-mail: gjavitt1@jhu.edu 
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examples are drawn mainly from politics, but 
the principle applies to others whose rank is 
socially derived, such as captains of sports 
teams, expedition leaders and army generals. 

But why are there leaders at all? In Selected, 
Ahuja and van Vugt propose that among early 
humans, those who had the cognitive capacity 

to follow others sought 
safety in numbers. At the 
same time, leaders made 
survival more likely 
for everyone by bind-
ing groups together and 
providing expertise — for 
example, on which foods 
could be safely eaten.

Rather than promoting 
an individual to rule in all 
eventualities, our early 
ancestors looked to dif-

ferent people to lead in varying circumstances. 
A group would follow one leader when hunting, 
another during war and a third during times of 
sickness. “If you were to meet a tribesman and 
ask him to ‘Take me to your leader’, he would be 
bewildered by your request,” the authors note. 
This changed with the development of agricul-
ture 13,000 years ago, which led to an increase 
in the size and complexity of societies.

Ahuja and van Vugt and argue that our 

brains are still hard-wired for the 
savannah. Our psychology remains 
suited to the dynamics of small groups, 
not to the hierarchies of large populations 
that are common in the political systems 
and organizations of today. Leadership 
structures would do better to reflect the 
constraints of our evolutionary history, 
they suggest. This points to informal, 
decentralized systems that are limited 
to 150 members, a size at which people 
can know each other by name. The 
authors recommend that organizations 
avoid large pay gaps between leaders and 
followers, choose leaders from within 
and favour consensual decision-making. 
They also note the importance of defer-
ring decisions to specialists when needed, 
and the implementation of checks and 
balances to ensure that a leader cannot 
coerce, exploit or dominate his or her 
followers.

Despotic leaders are a recent pheno-
menon, according to van Vugt and Ahuja. 

They claim that the agricultural revolution 
unleashed “our primal tendency to domi-
nate and exploit others”, as it allowed leaders 
to stockpile food and use it to exert control. 
This sounds plausible but is hard to verify — a 
common problem in the examples given in 
Selected, as anthropological studies and game 
theory can deliver no more than sketches of 
ancestral life. Yet the book’s practical sugges-
tions are worth taking seriously.

The New Psychology of Leadership barely 
touches on this negative side of governance, 
beyond warning that leaders who think indi-
vidual character is most important will believe 
that any success is due to them alone — and 
will consider themselves above the group. It is 
not clear whether all leaders might succumb 
to such arrogance. Nor do the authors ask to 
what ends leaders should put their power, other 
than helping the group to “create a social world 
in which [it] can live according to its values”. 
Yet much conflict is caused by leaders doing 
just this. This reflects a wider problem with the 
book: it is so focused on its theory of building 
social identity that it fails to explore the full 
implications of leadership.

A greater challenge would be to ask how 
leaders who have gained their followers’ 
confidence might use it to marry their group’s 
interests with those of others, as Nelson 

The makings of great leaders
Leadership, Michael Bond learns from two new books, is not about getting people to do things, it is about 
getting them to want to do things — and it emerged on the African plains. 

“A leader is best when people barely 
know he exists,” surmised the Chinese 
philosopher Lao-tzu. Yet no modern 
prime minister or president would run 
things from the back room. Today’s 
figure heads are lauded for having quirks 
of character that set them apart from the 
crowd — such as the superior charisma 
and intelligence of Winston Churchill or 
Abraham Lincoln. 

Our obsession with the personalities 
of great leaders is out of kilter with the 
scientific basis of social hierarchies, 
according to two books. In The New 
Psychology of Leadership, psychologists 
Alexander Haslam, Stephen Reicher and 
Michael Platow propose that success-
ful stewardship owes more to the good 
relationship between a leader and his 
or her followers than to an individual’s 
character. In Selected, psychologist Mark 
van Vugt and journalist Anjana Ahuja 
take an evolutionary approach, suggest-
ing that leadership emerged to aid the 
survival of small communities on the African 
plains.

Haslam, Reicher and Platow are known for 
their work on social identity and group dynam-
ics. They maintain that effective leadership is 
about winning the hearts and minds of others 
rather than about good decision-making or 
management. “It is not 
about getting people 
to do things. It is about 
getting them to want to 
do things,” they remark. 
The authors cite labora-
tory studies, including 
their own, which show 
that  members who 
embody and promote a 
group’s shared values are 
more likely to emerge as 
spokespeople. Leaders 
must be seen to be both typical of their group 
and acting in its collective interests. 

Influential leaders such as Churchill, Lincoln, 
John F. Kennedy and Sonia Gandhi worked 
hard to build this shared identity, which they 
enhanced using their rhetoric and creative 
skills. Even George W. Bush, ridiculed for his 
gaffes, was good at connecting with his sup-
porters — winning over ordinary voters with 
his casual dress and plain speaking. The book’s 

The New Psychology of Leadership: 
Identity, Influence and Power
By S. Alexander Haslam, Stephen 
Reicher and Michael J. Platow
Psychology Press: 2010. 304 pp. £45

Selected: Why Some People Lead, Why 
Others Follow, and Why It Matters
by Mark van Vugt and Anjana Ahuja
Profile Books/HarperBusiness: 
2010/2011. 272 pp. £12.99/$26.99
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Sonia Gandhi, leader of the Indian 
National Congress Party, worked 
hard to mobilize grass-roots support. 
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Palestinians and Israelis talk water

Although the political dilemma that separates 
Israel and the Palestinian Authority has led to 
the construction of an impermeable border 
between them, the water crisis that threatens 
both nations can be resolved only by coopera-
tion across that boundary. In Water Wisdom, 
a collection of essays edited by environmental 
scientists Alon Tal and Alfred Abed Rabbo, 
water-policy experts from the Middle East 
argue that a combination of technology, con-
servation and cooperation can ensure an ade-
quate water supply to the region.

The land between the River Jordan and 
the Mediterranean Sea has been dry since 
ancient times. Lacking a great river, farmers 
have long been dependent on winter rains, 
which periodically fail, and on wells that tap 
the aquifers lying below the limestone bed-
rock. Just before Israel won its independence 

Mandela managed to do in South Africa, 
and as Israeli and Palestinian leaders have so 
far failed to do. Haslam, Reicher and Platow 
suggest that such considerations are beyond 
psychology. But this undermines their hope 
that their approach to leadership might bring 
about a more democratic world.

Both Selected and The New Psychology of 
Leadership contain the ingredients for a more 
encouraging social model of leadership. They 
also bring a scientific approach to an important 
subject that has been without it for too long. ■

Michael Bond is a writer based in London and a 
locum Opinion editor for Nature. 

in the mid-twentieth century, that water had 
to slake the thirst, clean the homes and irri-
gate the fields of nearly 2 million people; today, 
the same resources serve a combined popula-
tion of 12 million. In the past two decades, the 
winter rains have disappointed, the aquifers 
and surface reservoirs have been overpumped 
and pollution threatens the water that remains. 
And severe inequalities prevail in water 
distribution. The average Israeli uses 350 cubic 
metres of water a year; a Palestinian uses about 
100 cubic metres.

Cautious optimism prevails in the pages of 
Water Wisdom. The authors — Palestinians and 
Israelis — cover topics from water resources 
and culture, through law and standards to 
reuse and desalination of waste water. Always 
professional and polite, they do not shy away 
from disagreement or abandon their cultural 
narratives. The book’s Palestinian contributors 
tend to decry the inequities of allocations and 
power, and to assert that any solution must 
include the recognition of Palestinian rights 
to their own water resources. The Israeli writ-
ers point to the Palestinian Authority’s failure 
to enforce agreements that limit water use or 
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Water Wisdom: Preparing the Groundwork 
for Cooperative and Sustainable Water 
Management in the Middle East
Edited by Alon Tal and Alfred Abed Rabbo
Rutgers University Press: 2010. 
336 pp. $29.95

to provide adequate infrastructure, despite 
generous international donations. For example, 
nearly one-third of Palestinian water is wasted 
because of leaky pipes.

All the authors agree that there is no real 
basis for what Hillel Shuval, one of Israel’s 
leading water experts, has named “hydro-
hysteria”. Thanks to new technologies for 
waste water treatment, reuse and desalination, 
water is no longer a zero-sum game. A new 
desalination plant in Israel’s southern coastal 
city of Ashqelon now supplies some 15% of 
Israel’s annual domestic demand. Four other 
plants along the coast are in various states of 
construction and operation. And plans proceed 
apace for the Red Sea–Dead Sea canal, which 
will produce 850 million cubic metres of fresh 
water a year, mostly for Ammān in neighbour-
ing Jordan. 

Such projects raise hopes that natural flows 
can be restored to the area’s rivers — includ-
ing the River Jordan, which today flows only 
because of the sewage flushed into it — and 
make it more likely that the aquifers and the 
area’s only large freshwater resource, Lake 
Kinneret (known to many as the Sea of Galilee) 
can be saved from exhaustion. Yet the region’s 
environmentalists, notably Friends of the 
Earth Middle East, point out that reuse and 
desalination come with their own environ-
mental baggage — removing salt from sea-
water requires the burning of carbon and the 
disposal of waste, and highly treated sewage 
can change the chemistry of farmland. 

The book examines the legacy of earlier 
water projects. New technology represents 
both danger and opportunity because it offers 
governments attractive short-term solutions 
while deferring long-term costs. Israel’s lead-
ers put their faith in technology 60 years ago 
when they embarked on the construction of 
the National Water Carrier to pipe water from 
Lake Kinneret to the country’s arid south. 
This made the desert bloom but reduced the 
lower River Jordan to a trickle and led to the 
shrinkage of the Dead Sea, with myriad conse-
quences. When the rains failed, it was easy to 
pump more water from Lake Kinneret, now at 
risk of becoming a puddle of brine. 

The crisis is acute. Israelis and Palestin-
ians need to find a way to manage their water 
together, even if a political resolution to their 
century-long dispute remains elusive. Technol-
ogy will be an important part of that manage-
ment, but it is not a magic wand. It is fortunate 
that both sides have at their service a coterie 
of knowledgeable and dedicated water profes-
sionals, among them the authors of this much-
needed book. ■

Haim Watzman is a journalist based in Israel. 
e-mail: hwatzman@gmail.comIndustrial evaporation has shrunk the Dead Sea, creating sinkholes and rivers of hyper-saline water.
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INFORMATION THEORY

A signal take on speech
Michael S. Lewicki

Approaches that abandon traditional speech categories offer promise for developing statistical descriptions 
that encapsulate how speech conveys information. Grandparents would be among the beneficiaries.

Our own ease of understanding speech 
belies its underlying complexity. At 
an abstract level, it is easy enough to 
describe speech as a sequence of words 
or of phonemes, but it’s notoriously dif-
ficult to analyse at the level of the acoustic 
signal. We are also very good at under-
standing speech in noisy environments, 
a problem that remains vexing for both 
speech-recognition systems and users of 
hearing aids. As reported in their paper 
in Proceedings of the National Academy of 
Sciences1, Stilp and Kluender have applied 
the methods of information theory to 
offer insights into the intelligibility of 
speech in the presence of noise.

It goes without saying that speech car-
ries information, but what are the basic 
elements of the code? Which elements 
carry the most information? Or, alterna-
tively, can speech be broken down into 
features that are equally informative, and, 
if so, what would those be?

A phoneme is usually taken to be the 
smallest unit of speech sound that can 
distinguish the meaning of one utterance from 
another (‘bill’ and ‘dill’, for instance). However, 
a phoneme is not a single sound, but a whole 
distribution of sounds, the variation of which 
does not change the meaning. This variation 
makes it difficult to quantify the information 
content and to understand the factors that con-
tribute to intelligibility.

The analogous problem with text is far easier. 
For example, consonants are more informative 
than vowels simply because there are more 
of them and each one occurs less often. You 
c•n •nd•rst•nd t•xt q••t• w•ll w•th••t v•w•ls, 
because speech is redundant and the conso-
nants carry enough information to determine 
the words. In spoken speech, there are 15 vowels  
and diphthongs (in American English) and 
still more consonants (25 or 26), but vowels 
are typically longer than consonants and have 
very different structure, so which carries more 
information is not obvious.

A standard way of investigating this ques-
tion is to replace different parts of speech by 
noise and to measure the recognition accuracy 
of listeners on a large set of test sentences2,3. 

In contrast to text, these studies show a ‘vowel 
superiority effect’; that is, vowels seem to carry 
more information, because listeners perform 
more accurately when understanding sen-
tences with missing consonants than with 
missing vowels.

The categories of vowels and consonants, 
however, are problematic as elemental units 
of information. In addition to the variation 
in sound structure, vowels and consonants 
overlap in time, so they usually can’t be cleanly 
removed. Furthermore, the acoustic structure 
of one phoneme is strongly influenced by its 
neighbours — so much so that one phoneme 
often contains ample information about 
another4,5. This has led researchers to investi-
gate intelligibility using phoneme transitions, 
onsets and offsets, and other more fine-grained 
components6. 

The barrier one runs up against is that tradi-
tional methods of speech analysis provide only a 
limited description of the complex structures in 
the speech signal. Stilp and Kluender1 reasoned 
that one way out of this dilemma might be to 
estimate the information content of small speech 

segments directly from the signal itself.
The information content of a code 

element is inversely proportional to its 
probability; in other words, elements that 
are less predictable carry more informa-
tion. If the code elements were known, it 
would be possible to calculate information 
directly from the probabilities. Because 
they are not, Stilp and Kluender devel-
oped a simple psychoacoustic measure to 
estimate the potential information content 
of a small speech segment. 

The measure, which they call cochlear-
scaled spectral entropy (CSE), character-
izes the degree to which one spectral slice 
is predictable from (or similar to) the 
preceding one. Similarity was defined 
as a simple Euclidean distance between 
spectral slices processed by a cochlear 
filter bank, which filters the sound into 
roughly logarithmically spaced frequency 
channels. The channel-centre frequencies 
and bandwidths are set from the psy-
choacoustic task of detecting pure tones 
in noise, and are determined largely by 

the spectral processing in the human cochlea.  
This measure provides a step-by-step esti-
mate of the potential information of a slice (its 
entropy), which the authors aggregated into 
either 80- or 112-millisecond segments, so that 
the segments could be removed in an order of 
CSE that was increasing, decreasing or outward 
from the middle, just as for letters in text. The 
advantage of this approach is that it makes no 
assumptions about speech categories and does 
not depend on ‘hand-selected’ boundaries.  

If intelligibility is determined by the infor-
mation content, then removing the more  
infor mative elements (and replacing them with 
noise) should result in a greater reduction in  
recognition accuracy than removing less inform-
ative elements. Results in listeners showed  
that CSE was a better predictor of intelligibility 
than the traditional categories of consonants  
and vowels, or consonant–vowel transitions, 
falling off approximately linearly with the  
proportion of the sentence entropy replaced. 

Vowels were found to be more informative 
(higher CSE) on average than consonants, 
which can be attributed to vowels having 
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higher variability in real spoken speech. This 
result depended crucially on the cochlear 
scale chosen for estimating entropy: because 
it is quasi-logarithmic, it gives greater weight 
to frequencies in the ‘formant range’ — that is, 
the locus of most vowel structure, which, con-
trary to what is often assumed, changes con-
siderably over time and therefore has greater 
potential information. Consonants can also 
contain rapid change, but typically in higher 
frequencies, which receive less weight.

The results call into question the canonical 
view of speech as a sequence of consonants and 
vowels, and open up avenues to new statisti-
cal descriptions that might better describe its 
fluid nature. Approaches involving informa-
tion theory have offered several insights into 
the signal-level sensory codes of natural images 
and sounds7,8. These approaches work from the 
bottom up to identify sets of features that most 
compactly describe a class of signals, but are as 
yet insufficient to capture the highly non linear 
regularities in speech. Ultimately, getting to the 
bottom of speech intelligibility will require 
understanding not only the dimensions of 
variability that underlie the discriminability of 
speech sounds, but other informative aspects of 
the speech signal, such as its harmonic patterns 
and tonal variation, which vary from individ-
ual to individual. A further complication is that 
intelligibility can be adjusted dynamically to 
compensate for sources of noise.

Understanding the basis of speech intelligi-
bility would have obvious benefits for speech-
related technologies. Today’s hearing aids 
already contain quite sophisticated processing, 
but still break down in noisy environments. 
Today’s computers understand speech in the 
same way that they play chess, by brute force, 
and not as proficiently as humans. According 
to legend, a test of an early speech-recognition 
system goes something like this:

Computer: “Please state your four-digit 
personal identification number.” 
User: “three four five six.” 
Computer: “I did not understand. Please 
repeat.” 
User: “three … four … five … six.”  
Computer: “I did not understand. Please 
repeat.” 
User: “Three …  Four …  Five …  Six.”
Computer: “I did not understand. Please 
repeat.” 
User: “THREE …  FOUR …  FIVE …  SIX.”
Computer: “I did not understand. Please 
repeat.”
 
At which point the test user slams down the 

phone in frustration, and the scientists retreat 
back to their labs. The speaker actually did 
something perfectly reasonable in the face 
of miscommunication: spoke more clearly. 
Of course, when anger and frustration come 
into it, the message is completely lost on the 
computer. The irony is that what makes speech 
more intelligible for a human listener actually  

makes matters worse for the computer.
Some day, perhaps, computers will be able 

to listen to us and not only get the words but 
also catch our drift. And some day, perhaps, we 
will be able to listen to our grandchildren, or 
even a foreign language, using hearing aids that 
work more like ‘ear glasses’ that bring clarity to 
a noisy world. ■

Michael S. Lewicki is in the Department of 
Electrical Engineering and Computer Science, 
Case Western Reserve University, Cleveland, 
Ohio 44106-7071, USA. 
e-mail: michael.lewicki@case.edu

GEOCHEMISTRY

Relict mantle from Earth’s birth
David Graham

Geochemical evidence for the existence of the mother of all mantle-source  
reservoirs for volcanism has come to light. The new results have provocative  
implications for our understanding of Earth’s interior. 

Earth is a differentiated planet. Its primordial 
building blocks of iron-rich metal, oxides, sili-
cate minerals, and volatile elements and com-
pounds have been transformed over geological 
time into the modern-day structure of core, 
mantle, crust, ocean and atmosphere. Chemi-
cal and physical processes such as mantle  
convection, tectonic-plate recycling and 
magma generation through partial melting 
should have scrambled, if not obliterated, any 
coherent geochemical signature of the primor-
dial material. Even if a vestige of such material  
remained, it seems unlikely that it would  
be found in any samples from Earth’s surface 
or the shallow subsurface that are available  
to geologists. 

Yet that is what new evidence suggests. On 
the basis of a trace-element and isotopic study, 
Jackson et al.1 (page 853 of this issue) propose 
that lavas from Baffin Island, Canada (Fig. 1), 
were derived from a deep-Earth reservoir that 
has remained isolated since the earliest days 
of planetary accretion some 4.5 billion years 
ago. Their work relies on combined analyses of 
the isotopes of helium, lead, neodymium and 
hafnium. Collectively, the results are the first of 
their kind for terrestrial volcanic rocks. 

The essence of the argument for the survival 
of primordial material is threefold. First, there 
is the occurrence of the highest ever measured 
3He/4He ratios, in 60-million- to 62-million-
year-old volcanic rocks from Baffin Island and 
West Greenland2. The ratios are more than five 
times higher than values commonly observed 
along mid-ocean ridges that tap the shallow 
upper mantle. The very high 3He/4He signifies 
an elevated ratio of primordial to radiogenic 
noble gas — a trait that geochemists often 
regard as supporting the existence of a res-
ervoir deep within Earth that is the ultimate 

source for volcanic hotspots such as Hawaii 
and Iceland3. 

Second, some of the Baffin and West Green-
land lavas have lead-isotope compositions 
that lie on, or very close to, a 4.5-billion-year-
old geochron. The geochron is a line in the 
207Pb/204Pb–206Pb/204Pb diagram describing 
all possible parent/daughter (uranium/lead) 
ratios corresponding to Earth’s age. 

Third, the lavas have neodymium isotope 
compositions (143Nd/144Nd) consistent with 
derivation from a mantle source comprised of 
primordial silicates. On the basis of the land-
mark discovery of positive terrestrial 142Nd  
anomalies4, this mantle source has a samar-
ium/neodymium ratio that is about 5% larger 
than the ratio in chondrites. (Chondrites are 
stony meteorites that formed during the ear-
liest stages of Solar System development and 
were never melted after their formation. They 
are thought to closely resemble the building 
blocks involved in Earth’s formation.) Because 
142Nd was produced by the extinct radioactive 
decay of 146Sm (half-life of 103 million years), 
the excess of 142Nd relative to chondrites in all 
terrestrial samples seems to require the for-
mation, early in Earth’s history, of an ‘early 
depleted reservoir’ with a high Sm/Nd ratio 
as a residue of partial melting. Negative 142Nd 
anomalies have not been found in terrestrial 
rocks, so this early depleted reservoir repre-
sents the ultimate ancestor of all other mantle-
source reservoirs for volcanism. 

These three fundamentally coherent isotopic 
characteristics of helium, lead and neodymium 
have now been found together for the first time. 
Notably, they occur in contemporaneous prim-
itive lavas from Baffin Island and West Green-
land that erupted during the opening of the 
North Atlantic. The results are evidence that a 

1. Stilp, C. e. & Kluender, K. r. Proc. Natl Acad. Sci. USA 107, 
12387–12392 (2010).

2. Cole, r., Yan, Y., Mak, B., Fanty, M. & Bailey, t. Proc. IEEE  
Int. Conf. Acoustics Speech Signal Processing Vol. 2, 853–856 
(1996).

3. Kewley-Port, D., Burkle, t. Z. & Lee, J. H. J. Acoust. Soc. Am. 
122, 2365–2375 (2007).

4. Liberman, a. M., Harris, K. S., Hoffman, H. S. & Griffith, B. C.  
J. Exp. Psychol. 54, 358–368 (1957).

5. Jenkins, J. J., Strange, W. & edman, t. r. Percept. 
Psychophys. 34, 441–450 (1983).

6. Lee, J. H. & Kewley-Port, D. J. Acoust. Soc. Am. 125,  
1153–1163 (2009).

7. olshausen, B. a. & Field, D. J. Nature 381, 607–609  
(1996).

8. Smith, e. C. & Lewicki, M. S. Nature 439, 978–982 (2006).
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deep source, and one that has been effectively 
isolated for all geological time, fuelled the man-
tle plume that gave rise to volcanic activity on 
Baffin Island and Greenland, and that is now 
responsible for volcanism in Iceland.

The results support the well-established idea 
that Earth’s mantle is heterogeneous, although 
the origin and survival of this heterogeneity 
have long been debated. It is also well estab-
lished that the depth structure of mantle  
viscosity, the strain rate associated with mantle 
convection, and the thermal history of Earth all 
act in preserving and destroying such hetero-
geneity5. Until now, geochemists have had to 
devise geodynamic arguments, not all of them 
mutually exclusive, to reconcile 3He/4He vari-
ations in mantle-derived rocks with isotopic 
variations in other elements such as lead and 
neodymium.  

Those arguments include enhanced migra-
tion of helium into previously melted and 
degassed rock as material is stretched and 
folded during mantle convection6; freezing of 
some magma within the upper mantle beneath 
mid-ocean ridges that is later recirculated to 
the deep mantle, where it contributes to ocean-
island (hotspot) volcanism7; and isolation of 
the mantle sources for ocean-island volcanism 
away from sites of melting near Earth’s surface 
during the relatively recent geological past8. 
However, evolutionary models for helium iso-
topes based on mass balance, and the range of 
possible geological histories for the formation 
of Earth’s crust, make it clear that high 3He/4He 
ratios are best explained by isolation of ancient 
mantle regions, rather than by continuous gen-
eration of high 3He/4He domains during Earth’s 
history9. 

The new results1 are not without complexity. 
High 3He/4He is found in Baffin lavas with both 
enriched and depleted trace-element signa-
tures, emphasizing the need for a better under-
standing of the potential decoupling of noble 
gases from other elements during mantle con-
vection, partial melting and magma transport. 
Additional tests may come from measuring 
3He/4He in mantle-derived rocks of different 

Figure 1 | Baffin Island — source of the lava samples isotopically analysed by Jackson and colleagues1.

ages, but it remains to be seen how successful  
those attempts will be in deciphering the 
helium-isotope evolution of the mantle. Such 
measurements rely on extracting noble gases 
contained within tiny fluid and melt inclusions 
trapped in crystals of the erupting lava. In older 
rocks, the measurements can be fraught with 
overprinting, mainly from the 4He produced 
by radioactive decay of uranium and thorium 

within the rock since it was emplaced10. 
The large 3He/4He variability in the Baffin  

and West Greenland lavas1,2 attests to the  
difficulty in relating 3He/4He to the isotopes 
of lead, neodymium and hafnium in rocks 
that are more than a few tens of million years 
old. Nonetheless, the frontier is open in that 
endeavour, in light of which the study of Jack-
son et al.1 takes on increased importance — 
the possible survival of primitive mantle relicts 
needs full consideration in future models of 
mantle structure and evolution.  ■

David Graham is at the College of Oceanic and 
Atmospheric Sciences, Oregon State University, 
Corvallis, Oregon 97331, USA.
e-mail: dgraham@coas.oregonstate.edu
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A mine of imprinted genes 
eric B. Keverne

Some genes exclusively express only their maternal or paternal copy. 
Studies of the brain extend the list of such imprinted genes by an order  
of magnitude, highlighting their spatial and temporal regulation. 

Mammals inherit one copy (allele) of each 
gene from their mother and another copy from 
their father. Yet for many genes, only one of 
these alleles is always expressed in a cell1. The 
choice of which allele to express is random in 
some cell types — notably those of the olfac-
tory and immune systems; for others, such as 
those of the developing placenta and brain, 
certain genes are ‘imprinted’2. The hallmark of 
imprinted genes is that some are expressed only 
when inherited from the mother and others 
only when inherited from the father. Imprinted 
genes were thought to be fewer than 100 in 
number. But two remarkable studies published 
in Science by Gregg and colleagues3,4 identify 
1,308 candidate imprinted genomic regions in 
the mouse brain, encompassing 824 annotated 
genes as well as the entire X chromosome.

It has already been shown that, in the mouse 
placenta, the X chromosome is imprinted, with 
genes from the maternal X being exclusively 
expressed, thereby avoiding immunological 
rejection of ‘foreign’ fetal proteins that might 
be encoded by the paternal X chromosome2. 

Many of the genes on the X chromosome are 
also expressed in the brain. In males (XY), 
the single X copy always originates from the 
mother, but in females (XX), either the mater-
nal or the paternal copy of the X chromosome 
is inactivated early in embryonic development, 
and this typically occurs at random. Gregg 
et al.3 report preferential expression of the 
maternal X chromosome in two brain regions. 
Compared with the paternal X, the expression 
of the maternal X chromosome was 11% higher 
in glutamate-secreting neurons of the cortex, 
and 19% higher in the preoptic region of the 
basal forebrain. 

In general, the expression of imprinted 
genes is exclusively either maternal or pater-
nal, with loss of exclusivity usually leading to 
expression of both alleles. This suggests that 
the biased gene expression described by Gregg 
et al.3 may be due to selection of cells express-
ing the maternal X chromosome, rather than 
imprinting. DNA replication errors increase 
with the number of cell divisions, which are an 
order of magnitude higher in the production 
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in the relative expression of maternal and 
paternal alleles in hybrid crosses between two 
strains. Such cross-strain effects were especially 
notable in the developing brain, with some 774 
genes showing a paternal-expression bias and 
943 genes showing a maternal bias. 

In part, these observations on imprinted 
gene expression may represent within-species 
differences in imprinting that emerge in only 
one of the reciprocal hybrid crosses. However, 
in the developing brain — for the analysis of 
which the authors pooled the embryos — these 
biases may represent genes in which the epi-
genetic imprinting of control regions may be 
affected by their different chromosomal posi-
tion7. It is also noteworthy that brain develop-
ment is not a precise event, and developmental 
errors result in apoptosis, which reduces the 
potential brain size by roughly two-thirds. A 
large proportion of imprinted genes mediate 
apoptosis, and this in itself may complicate 
comparisons of adult and developing brains.

Gregg and colleagues’ work implicates some 

ten times more imprinted chromosomal loci 
than previously appreciated. The extent to 
which these loci represent imprints sculpted 
by germline epigenetic modification such as 
methylation, as well as their tissue variability 
and background-strain differences, needs 
more clarification. These studies neverthe-
less firmly embed the genetic understanding 
of brain development and evolution in the  
ever-expanding field of epigenetics. ■

Eric B. Keverne is in the Sub-Department of 
Animal Behaviour, University of Cambridge, 
Cambridge CB23 8AA, UK. 
e-mail: ebk10@cam.ac.uk 
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of sperm than female oocytes. This presents 
a differential dynamic for the survival of cells 
expressing maternal X genes compared with 
those expressing the error-prone paternal 
X genes. Because many more neurons are  
produced in the brain than survive, neuronal 
competition may overcome such DNA errors 
on the paternal X chromosome by inducing 
programmed cell death (apoptosis), result-
ing in a skewed population of surviving cells 
expressing the maternal X.

Gregg and colleagues’ data also associate 
some 347 genes on autosomal (non-sex) chro-
mosomes in the adult brain with a gender-
specific parental allele bias. They show that, 
compared with male mice, female mice express 
three times the number of genes with gender-
specific imprinting in the preoptic region — an 
area that mediates maternal care. Intriguingly, 
most of these genes were of paternal origin 
in the preoptic areas of both male and female 
brains. The authors interpret this finding as a 
mechanism by which parents influence gene 
expression differently in the brains of their  
sons and daughters. As the preoptic area is 
a testosterone-dependent, sexually dimor-
phic region — with more cells in sons than in 
daughters — and because it is important for 
male sexual behaviour and maternal care, these 
results are open to engaging discussion.

A monumental part of the study by Gregg 
et al. was the generation of a colour-coded 
‘heat map’ of the maternal or paternal genes 
expressed according to brain region. The 
authors find that out of 118 brain regions, 26 
regions account for more than two-thirds of the 
imprinted genes expressed in the brain, with 
half of the regions showing maternal expression 
and the other half paternal expression. There 
seems to be a mismatch between this map and 
their other observations indicating that mostly 
paternal genes are expressed in the preoptic 
area (67%) and prefrontal cortex (71%) of the 
adult brain4. Moreover, the increased expres-
sion of paternal genes found in the adult brain 
is also the opposite of the favoured expression 
of maternal genes in the developing brain. 
Undoubtedly, brain expression of imprinted 
genes is more complex than previously thought. 
But one point is clear: parental influence over 
gene expression is both spatially and temporally 
regulated in this organ and may differ between 
developing and adult brains.

The fate of imprinted genes is sealed by their 
epigenetic modification in the germ line, to 
ensure that all the resulting somatic and germ 
cells retain fidelity for the expression of either 
the maternal or the paternal imprint5. Beyond 
genomic imprinting, the take-home message 
from these papers3,4 extends to the complex-
ity of epigenetic mechanisms that are used in 
both the developing and adult brain. Several 
genomic regions in Gregg and colleagues’ 
data set do not match the life-long imprints 
reported in other studies6. Nevertheless, these 
regions are epigenetically regulated, because 
the authors observed significant differences 

PlANT PATHOlOGY 

Sudden larch death 
Clive Brasier and Joan Webber 

An aggressive and unpredictable fungal pathogen is devastating larch 
plantations in Britain. Its remarkably broad host range, and the possibility 
of further geographical spread, give heightened cause for concern.

For more than a decade, a stream of invasive  
tree pathogens has been arriving in Europe and 
North America1,2. Among the more damaging 
and unpredictable arrivals is Phytophthora  
ramorum. For some years, this oomycete  
fungus has caused ‘sudden oak death’ in the 
western United States. In like manner, it now 
poses a serious threat to Japanese larch, and 
possibly other tree species, in Europe.

Damaging invasions of tree pathogens are 
not new, as earlier pandemics of Dutch elm  
disease and chestnut blight have shown. But 
these events seem to be accelerating owing 
to the combined effects of increasing globali-
zation of trade in plants and a flaw in inter-
national plant biosecurity protocols. Simply 
put, for trade purposes, organisms not yet 
described cannot be legislated against, yet 
many recent arrivals are completely new to 
science, presumably introduced from under-
explored ecosystems2. Indeed some 90% of 
fungi are probably unknown, and therefore 
undescribed3. In Europe alone, aggressive inva-
sive pathogens are currently spreading on pine, 
oak, alder, horse chestnut, ash and cypress, and 
many European nurseries are infested with 
exotic fungal pathogens, especially species of 
Phytophthora (‘plant destroyer’)2. 

A new species of unknown origin, P. ramo
rum has since 1995 afflicted evergreen oak 

and tanoak along 1,500 kilometres of forests 
in coastal California and Oregon4,5 (Fig. 1). It 
is believed to have spread initially from a rho-
dodendron nursery in the San Francisco Bay 
area and is now estimated to have killed several 
million trees. It exhibits the classic hallmarks of 
an invasive plant pathogen: genetic uniformity 
consistent with a genetic ‘bottleneck’5, coupled 
with spread from multiple secondary foci of 
infection resulting from human movement of 
infected plants4,5. Phytophthora ramorum is also 
the first major ‘aerial’ — as opposed to root-
infecting — forest Phytophthora species to be 
identified, attacking mainly foliage and stems, as 
does the potato blight, Phytophthora infestans. 

Phytophthora ramorum probably arrived 
in Europe in the 1990s, but was only formally  
named as a new species in 2001 (ref. 6). Despite 
coming under European Community emer-
gency control measures in 2002, it spread 
rapidly and widely thereafter, mainly on rho-
dodendron within the ornamental nursery 
trade. In 2003, it was found to be infecting 
woodland trees in southwest England and the 
Netherlands. But, until now, tree infections have 
been comparatively rare and limited mainly to 
native beech and non-native oak growing close 
to affected rhododendron. Interestingly, the 
European and North American populations of 
P. ramorum are genetically and behaviourally 
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entirely new pathogen10. One example is Ophio
stoma novoulmi, which is responsible for the 
pandemic of Dutch elm disease and which has 
acquired ‘useful’ genes from a related species 
during its migration11. Another is Phytophthora 
alni, which is attacking alder across Europe 
and is a species hybrid that may have arisen in 
a European nursery10. Each invasive pathogen 
therefore represents an uncontrolled, open-
ended experiment in evolution2. 

It remains to be seen whether P. ramorum has 
already begun to adapt to larch and what other 
hosts it will attack in the future. It has yet to be 
found outside Europe and North America, but 
may represent a threat to trees in climatically 
suitable habitats in South America, the Himala-
yas, Asia and Australasia, including L. kaempferi 
in its native Japan. Given current international 
trade practices and biosecurity protocols, and 
the considerable epidemic momentum that 
P. ramorum now has in the United States and 

Britain, prospects for preventing its further 
spread do not look good. ■
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distinct, indicating separate introduction events 
into each continent5.

Many aerial Phytophthora pathogens, includ-
ing P. infestans, have a narrow host range. By 
contrast, P. ramorum exhibits a remarkably 
broad range, at least in its new invasive behav-
iour4,5. Outside nurseries, it has infected more 
than 40 species across 12 families of tree and 
non-tree hosts in California, and another  
40 species in Europe, although only a minority 
of tree species have proved highly susceptible. 
The mechanisms underlying this wide host 
potential are not known, but their importance 
is highlighted by another development. 

In September 2009, widespread dieback 
and mortality of mature and juvenile Japanese 
larch, Larix kaempferi, were observed in plan-
tations across southwest England and shown to 
be associated with infection by P. ramorum7,8. 
Symptoms include needle necrosis, branch 
dieback, stem lesions and heavy resin bleed-
ing. This is the first serious damage caused by 
P. ramorum to conifers and plantation trees. 
When growing adjacent to larch, other species 
such as beech, chestnut, birch, rhododendron 
and Douglas fir are being infected, indicating 
heavy infection pressure consistent with obser-
vations of exceptionally high P. ramorum spore 
counts on artificially inoculated larch needles7 
and frequent infection of larch needle litter.

Between May and July 2010, further out-
breaks were detected by aerial and ground 
surveys in south Wales8 and southern England 
(Fig. 1). An estimated 1,900 hectares of larch 
plantations (about 0.5 million trees) now show 
symptoms of P. ramorum infection: in other 
words, the fungus is spreading on a landscape 
scale in Britain, as in the United States. The 
British Forestry Commission and the private 
sector are felling all affected trees to minimize 
further spread, both to forests and to susceptible  
heathland vegetation. 

Larch is not only an important timber tree 
in western Britain, but is also the only decidu-
ous conifer, providing value for landscape, 
biodiversity and recreational purposes. This 
development could therefore have a significant 
impact on local economies and Britain’s stra-
tegic reserve of timber. Moreover, P. ramorum 
and the other invasive pathogens now enter-
ing Europe could narrow the choice of plan-
tation species for reafforestation, especially 
in Britain9, and undermine proposals to use 
tree planting as a means of mitigating climate 
change through carbon sequestration9. 

The jump of P. ramorum from rhododendron 
to larch illustrates its behavioural unpredict-
ability. Another issue of concern is its longer-
term ecological and evolutionary potential. 
Introduced pathogens inevitably encounter 
new hosts (some with little intrinsic resistance) 
and other novel biotic and abiotic influences. 
These represent selection forces that, individ-
ually or collectively, will result in adaptation. 
Some recently invasive tree pathogens have also 
exchanged genes with resident species, resulting 
in a genetically modified pathogen or even an 

HIGH-TEMPERATURE SUPERCONDUCTIVITY

The benefit of fractal dirt
Jan Zaanen

Measurements of X-ray diffraction on small patches of a copper oxide 
superconductor reveal that oxygen crystal defects form fractal structures 
that seem to promote high-temperature superconductivity.

In the area of electronic materials, ‘oxides’ is 
a buzzword1 referring to chemically complex 
solids containing oxygen and transition met-
als. In these materials, electrons can team up at 
low temperatures to display collective behav-
iour that is much richer than that found in 
conventional metals and semiconductors. The 
realization of this behaviour started with the 
discovery of superconductivity at a high tem-
perature in copper oxides in 1986. These ‘high-
Tc cuprates’ (Tc is the temperature below which 
the material superconducts) are still king of the 
hill in the oxide landscape, because the myriad 

of mysterious ‘quantum matter’ phenomena 
observed in these systems is among the most 
intriguing puzzles in modern physics2.

Conventional semiconductors took off 
when materials scientists had learned how to 
grow crystals that are nearly perfect. For the 
oxides, this is a formidable challenge. Besides 
the need to control the many elements in the 
unit cell of the material’s crystal lattice, the 
chemistry is further complicated by oxygen’s 
reputation as the vagabond among the ele-
ments. It tends to roam around as an ‘oxy-
gen interstitial’ in the skeleton formed by 
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Figure 1 | Consequences of infection with Phytophthora ramorum. Left, dead and dying tanoak in 
California, July 2010. Right, similarly afflicted larch in southwest England, May 2010. 
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50 YEARS AGO
The problem of the ‘Abominable 
Snowmen’ is discussed by 
S. V. Obruchev ... beginning with 
Waddell’s report of 1898 about 
the hairy wild man called ‘Yeti’ 
by the Tibetans. In the Soviet 
Press during 1957–59 there 
appeared a number of articles 
on this subject, especially on 
the possible presence of the 
‘Snowman’ in the Pamirs. In 1958 
a special expedition sent to the 
Pamirs to study this problem 
reported negatively ... At the 
same time, numerous recent finds 
of teeth of a huge anthropoid 
ape—Gigantopithecus—in China 
suggest that the Tibetan ‘Yeti’  
and the legendary ‘Snowman’  
of the Pamirs and Mongolia 
may all refer to the former, or 
present-day but rare, presence 
of this type of ape in the 
high-altitude regions of the 
Himalayas and the Pamirs. 
From Nature 13 August 1960.

100 YEARS AGO
‘Wild plants on waste land in 
London’ — The waste ground 
between Aldwych and the Strand 
has been colonised by a variety 
of plants, most of which show 
luxuriant growth. Many of the 
colonists have fruits or seeds 
adapted to wind distribution, as 
in the case of the winged fruit of 
the sorrel (Rumex acetosa), and 
of the plumed seeds of the hairy 
willow herb (Epilobium hirsutum) 
and French willow, or rose bay 
(E. angustifolium), by far the most 
conspicuous plant on the ground. 
It is of interest that E. angustifolium, 
which is absent in many of the 
waste places of London, occurs in 
the garden of Fountain Court, near 
the Strand … A probable auxiliary 
exists in the sparrow, through the 
alimentary canal of which various 
seeds and fruits no doubt pass, 
and it is not unlikely that others 
become attached to its feet by 
means of the sticky London mud. It 
will be remembered that Darwin in 
the “Origin of Species” describes 
eighty-two plants as springing 
from the feet of a single partridge 
… The above list is by no means 
exhaustive.
From Nature 11 August 1910.

other elements, freezing in random positions 
when the samples are cooled. Fratini et al.3 
report on page 841 a direct observation, using 
a novel synchrotron-light microdiffraction  
technique, of how this ‘oxygen dirt’ is struc-
tured on the micrometre scale in the La2CuO4+y  
superconductor.

The result turns out to be surprisingly beau-
tiful: the oxygen interstitials form geometrical 
patterns that look the same on different scales, 
ranging from a micrometre up to fractions of a 
millimetre. Although such fractals are ubiqui-
tous elsewhere in nature, it comes as a complete 
surprise that crystal defects can accomplish this 
feat. Even more stunningly, Fratini et al. dem-
onstrate that this fractal organization directly 
promotes the superconductivity: Tc increases 
when the fractality is more complete. This 
finding hints at a possible relation with the  
mysterious quantum-matter side of high-Tc 
superconductors: the ‘quantum-critical’ property 
of the cuprate electrons, referring now to a scale 
invariance that governs the quantum physics4.

The experiment of Fratini et al. is conceptually 
straightforward, but it needs the big machines 
installed at synchrotrons: it amounts to meas-
uring X-ray diffraction on micrometre-sized 
patches of the sample and combining the results 
into real-space maps. Zooming in on the diffrac-
tion peaks associated with an ordering of the 
oxygen interstitials in a nanometre-scale ‘super-
lattice’ (see Fig. 1c of the paper on page 841), they 
find that this superlattice order varies consid-
erably in space. Both its magnitude and spatial 
distributions show power-law behaviour (Fig. 2 
on page 842) — the unique fingerprint of scale 
invariance. This fractal-defect structure is aston-
ishing, and there is nothing in the textbooks even 
hinting at an explanation. 

An obvious alley to explore is dynamical-
systems theory, a subject offering insights into 
fractal phenomena as diverse as the shapes of 
fern leaves, the ‘fat tails’ of option pricing in the 
financial markets and the Gutenberg–Richter 
earthquake law5. The focus in those cases is on 
the way that things evolve over time, but where 
is this motive in the case of oxygen interstitials? 
The fractal patterns actually originate in a rapid 
quench of the sample from a high temperature, 
at which the oxygen atoms are highly mobile, to 
liquid-nitrogen temperature. I suspect that some 
novel form of ‘turbulence’ is responsible and is 
at work when the oxygen ‘liquid’ formed in the 
crystal freezes out rapidly.

To demonstrate that the quality of fractal 
organization promotes the superconductivity, 
the authors3 prepared, using different quench-
ing protocols, two samples of La2CuO4+y that are 
similar except for the scale at which the fractal-
ity comes to an end — 400 or 180 micrometres, 
respectively. Accordingly, they find that the 
superconductor deteriorates, from a muscular 
form at Tc = 40 kelvin, to a messy, inhomo-
geneous one at Tc = 32 kelvin. This is hard to 
comprehend given the conventional under-
standing of superconductivity. The transition to 
a superconducting state is driven by the binding 

of electrons in pairs, and the length scales of rel-
evance for this process (pair size and electronic 
mean free path) are supposed to be on the nano-
metre scale. Why should the pairing mechanism 
be sensitive to subtle changes in the crystalline 
disorder happening on a length scale that is more 
than a factor of 1,000 larger?

Is this a sign of the strangeness of the cuprate 
electron matter? In conventional metals and 
superconductors, the electrons form a weakly 
interacting quantum gas, and they go, in the first 
instance, their own way. But not so in high-Tc 
superconductors, in which the electrons form 
poorly understood, highly collective quantum 
states2. The few things that we condensed-matter 
physicists know about these systems follow from 
phenomenological analysis of experimental infor-
mation. A highlight in this regard is that, in super-
conductors such as those studied by Fratini et al., 
one finds fingerprints of scale invariance in meas-
urements of the materials’ electronic behaviour 
but in a quantum-physical incarnation4. In this 
‘quantum-critical state’, the electrons form collec-
tive patterns that look the same regardless of scale. 
However, this fractal trait is now present on scales 
both in space and in time, because the electrons 
are in a state of perpetual quantum motion6,7.

Could there be some profound relation between 
the static scale invariance in the defect structure 
and this quantum criticality, explaining why 
superconductivity is so sensitive to the former? 
All along, the problem faced by condensed-matter 
physicists has been the lack of a general mathemat-
ical theory capable of describing quantum-critical 
metals. But, very recently, help has arrived from 
an unexpected side. It turns out that the ‘anti-de-
Sitter space/conformal field theory correspond-
ence’, a mathematical highlight of string theory, is 
encoding the physics of states that look remark-
ably like the cuprate metals in — nota bene — the 
properties of special black holes8. This theory 
insists that quantum-critical metals have a des-
tiny that they cannot escape: they have to turn into 
superconductors9,10. Hence, quantum criticality is 
good for superconductivity, but it could of course 
be that quantum criticality itself is disrupted by 
crystalline disorder. It is, however, a speciality of 
things that are scale invariant that they care less 
about influences that by themselves are also scale 
invariant. In this sense, the fractal defect structure 
could be good news, eventually even for super-
conductivity. But does this quantum-criticality 
hypothesis explain the sensitivity of superconduc-
tivity to changes occurring in the oxygen dirt on 
fractions of a millimetre? Even the strange worlds 
described by string theory might not be strange 
enough to explain this remarkable fact, which will 
undoubtedly inspire exciting future research. ■
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amygdala. Moreover, genetic mechanisms do 
not just play out in regional brain activity, but 
also shape the neural networks in which these 
regions participate. In particular, interactions 
between the amygdala and another brain 
region, the prefrontal cortex, may be highly  
relevant to the effect of genetic variation on 
trait anxiety7, because the resulting circuit 
regu lates the activity of the amygdala during 
the processing of negative emotion. In addi-
tion, interactions between the hippocampus 
and the amygdala have been linked to aspects of  
personality8. To characterize these circuits, 
other techniques such as functional magnetic 
resonance imaging must be used, because meas-
uring interactions between different regions 
requires repeatedly imaging them over time. 

If Oler and colleagues’ data can be con firmed 
in humans, research on the neurogenetic basis 
of anxiety and psychiatric disorders should 
focus more on the hippocampus than it has so 
far. Changes in hippocampal size and function 
have been reported9 in depression and anxi-
ety disorders, but have often been considered 
a consequence of stress-related hormonal 
changes. This paper3 suggests that hippocam-
pal processing of threat and stress signals could 
also be on the causal pathway that links genetic 
risk to disease manifestation: genes affect per-
sonality through their effect on hippocampal 
threat processing, which therefore becomes an 
intermediate, or ‘endo’, phenotype. 

Indeed, genetic variants that have been identi-
fied through genome-wide association studies 
of mental illnesses such as bipolar disorder or 
schizophrenia modulate hippocampal activ-
ity10. With the knowledge that hippocampal 
activity is a heritable component of the neural 
network mediating trait anxiety, this activity 
can itself be used in genome-wide association 
studies to discover gene variants affecting the 
hippo campus. This approach deserves par-
ticular attention because drugs that target the 
products of these genes, and the hippocampus, 
could be a new entry point into the treatment of 
mental disorders. Oler and co-workers’ paper3 
could, therefore, not only change thinking about 

How anxiously we react to threat or adversity 
is part of our personality. This stable character-
istic is called trait anxiety, and those with high 
trait anxiety are more prone to mental disor-
ders such as depression, substance abuse and 
psychosis1. Trait anxiety is heritable, with genes 
explaining much of the variability between 
individuals2. In this issue, Oler et al.3 investigate 
genetic effects on the activity of brain regions 
that mediate trait anxiety (page 864). 

The subjects of this study were rhesus 
monkeys — 238 from several generations of 
a single-family pedigree — at an average age 
corresponding to that of humans just before 
puberty. The authors exposed the animals to 
a human intruder, a validated social-threat 
procedure that reveals an anxiety trait. They 
found, by examining both blood levels of the 
stress hormone cortisol and behaviours such 
as ‘freezing’, that some monkeys reacted with 
high anxiety, and others with less. 

Concurrently, Oler et al. measured metabolic 
activity in the brain by injecting the monkeys 
with 18FDG, a radioactive analogue of glucose 
that is taken up and trapped in nerve cells 
according to their activity at the time of expo-
sure to the social threat. The authors then anaes-
thetized the monkeys in order to image, using 
positron emission tomography, a ‘snapshot’  
of regional brain metabolism during the  
preceding stress procedure.

The results indicate that, in anxious monkeys,  
brain activity is higher in a variety of areas, but 
most prominently in two key signalling struc-
tures for negative emotion, the amygdala and 
the anterior hippocampus. Activity in these 
two structures explained a sizeable propor-
tion of the variance in anxiety behaviour from 
monkey to monkey (Fig. 1). 

Much research in anxiety has focused on the  
amygdala4, which signals environmental danger  
and triggers ‘fight-or-flight’ responses. But 
extensive evidence also links the anterior hippo-
campus — an essential structure for ‘declarative’ 
memory — to anxious behaviour and trait anxi-
ety4. Furthermore, there are strong inter actions 
between the amygdala and hippo campus,  
which mediate emotional memory. 

What proportion of anxiety-related activity 

BEHAVIOURAl NEUROSCIENCE 

Genes and the anxious brain 
andreas Meyer-Lindenberg

Some people are naturally more anxious than others. A brain-imaging  
study in monkeys provides surprising insights into which brain regions  
are under the influence of genes in this phenomenon and which are not.

Figure 1 | When anxiety runs in a family of primates. Oler et al.3 exposed monkeys to a social threat and 
then measured 18FDG distribution in their brains as an indicator of metabolic activity there. They show 
that both the amygdala (scanned brain slice 1) and the hippocampus (2) mediate variations in trait 
anxiety. However, the authors find that only hippocampal activity (3), and not amygdalar activity (4), is 
explained by genetic relatedness. (Brain images from ref. 3.)
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in the brain of monkeys is genetic? In their 
well-characterized pedigree, Oler et al. could 
precisely estimate genetic similarity between 
any two monkeys. They thus mapped herit-
ability (the proportion of variability that can be 
attributed to genes) across the brain. Surpris-
ingly, they found that activity in the anterior 
hippocampus was under strong genetic influ-
ence, but observed no significant heritability in 
the amygdala (Fig. 1). Given the importance of 
these two structures for trait anxiety, and their 
close functional connection, this pronounced 
difference is unexpected.

Do these findings mean that the amygdala is 
no longer to be considered part of the neuro-
genetic pathway for trait anxiety? Not neces-
sarily. The amygdala is a structure that shows 
bursts of activity and can be fickle where imag-
ing is concerned. Furthermore, Oler et al. 
investigated the brain of each animal only 
once — during the stress condition. They may, 
therefore, not have been able to fully character-
ize the proportion of neural activity that was 
truly due to stress. For this, a control condi-
tion during which animals are not stressed is 
needed. 

Previous studies in monkeys5 and humans6 
that involved a control condition have, in 
fact, revealed effects of gene variants on the 

5. http://en.wikipedia.org/wiki/Chaos_theory
6. Sachdev, S. Quantum Phase Transitions (Cambridge Univ. 

Press, 1999).
7. Varma, C. M., nussinov, Z. & van Saarloos, W. Phys. Rep. 
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McPherron et al. attribute the butchered 
bones to the use of sharp-edged stones by A. afa
rensis, the species that the famous specimen 
‘Lucy’ belongs to. Although no hominin bones 
were found at DIK-55, the only early human 
known to be present in the Dikika region at 
that time is A. afarensis. This provides exciting 
evidence of how A. afarensis behaved. At one 
time, the species was considered to be a rela-
tively primitive hominin, but this perception 
is being redefined. For example, it now seems 
that Lucy’s kin had body proportions that were 
more similar to those of humans than of apes6. 
Analyses of the hand of A. afarensis show that 
it had relatively short fingers that would allow 
the kind of fine-scale manipulation necessary 
for tool use7. A recently discovered skeleton 
from the Woranso–Mille area of Ethiopia sug-
gests that A. afarensis did not have the ape-like, 
‘funnel-shaped’ thorax usually associated with 
a large digestive tract and low-quality diet8. 
Perhaps the findings that these hominins used 
tools and had a carnivorous component to their 
diet should not have been so unexpected. 

Nonetheless, many scientists will be sur-
prised that hominins were using tools more 
than 3 million years ago, because of the scant 
evidence of this behaviour until now. McPher-
ron et al. note that early tool use was probably 
infrequent and did not result in the large accu-
mulations of artefacts and bones that usually 
catch the eye of archaeologists and palae-
ontologists. The authors can confirm only the 
use of sharp-edged stones, which may have 
been picked up from the ground rather than 
made by actively chipping rocks. If tool use has 
such a deep ancestry in the human lineage, the 
value of using sharp-edged stones may have 
been independently discovered by hominins 
at several points during our evolutionary his-
tory 9. This makes identifying the tenuous link 
between stone-tool forms and hominin species 
later on in time even more difficult. 

There is the potential for discovering more 
evidence of this behaviour not only at Dikika 
but also elsewhere. Fossils of A. afarensis have 
been found in various places in Kenya, Tanza-
nia and Ethiopia, and determining whether this 
species was a habitual tool user will require the 
identification of several sites where butchered 
bones occur in sediments of similar antiquity. 
More surprises surely await us in the fossil-rich 
sedimentary basins of East Africa. ■
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how genes act in the brain to affect our habitual 
reactions to stress and adversity, but also benefit 
patients with mental conditions such as depres-
sion, anxiety disorders and psychosis. ■

Andreas Meyer-Lindenberg is at the Central 
Institute of Mental Health, J5, 68159 Mannheim, 
Germany. 
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PAlAEOANTHROPOlOGY

Australopithecine butchers
David r. Braun

How far back in the human lineage does tool use extend? Fossil bones that 
bear evidence of butchery marks made by stone implements increase the 
known range of that behaviour to at least 3.2 million years ago.  

Palaeoanthropologists have long associated 
tool use with the later part of human ancestors’ 
evolutionary history. One of the key features of 
‘handy man’ (Homo habilis), first discovered 
at Olduvai Gorge in Tanzania, was the use of 
stone tools. More recently, the discovery1 of 
sharp-edged stone tools in the Gona region of 
Ethiopia, dating to about 2.5 million years ago, 
modified this definition, extending the time 
over which tools were known to be used. But 
the implements found at these sites seemed 
too well made to have been early humans’ first 
attempt at making such sharp-edged tools.  

Evidence from the Dikika area of Ethiopia 
now indicates that human ancestors may have 
been practising for almost 800,000 years before 
the first appearance of chipped stone tools. On 
page 857 of this issue, McPherron et al.2 report 
that the fossilized bones of two animals show 
clear evidence of early humans using stones 
to remove scraps of flesh from the carcasses 
of large mammals. These bones were found 
in a region where the sediments are at least  
3.2 million years old.

The Dikika specimens were found in the  
Andedo drainage system, and a systematic sur-
vey of the area recovered several well-preserved 
fossils of animals that lived on this ancient land-
scape, possibly near a large lake. McPherron 
et al. realized that some of the bone surfaces 
had marks indicative of butchery, presumably 
of carrion. Detailed analyses confirmed that the 
marks were made by the cutting and scraping 
of flesh from animal bones and therefore are 
evidence of butchery practices by early humans. 
Other marks that represent pounding on the 
bone surfaces suggest that these hominins 
(members of the human lin eage) also took an 
interest in the nutrient-rich bone marrow.  

Until now, there has been no direct evidence 
that meat and marrow formed part of the diet 
of hominins at this early age. Furthermore, it 
is notable that these early humans departed 

from the typical primate pattern of disregard-
ing relatively large animals as food. The meat 
and marrow of large animals must have been 
a valued resource, because McPherron et al. 
conclude that the tool users incurred the cost 
of transporting stones 6 kilometres from where 
they occurred naturally to the site where the 
butchery took place. Further costs that were 
associated with the consumption of carrion, 
and were apparently worth the risk, include 
exposure to parasites and competition with 
large carnivores. This kind of behaviour may 
have set the stage for a greater reliance on 
animal tissues and more sophisticated stone-
tool production by other hominin species, 
including our own immediate ancestors in the  
genus Homo. 

Although palaeoanthropologists have 
been studying butchery marks on bones 
for 30 years3, their studies have largely been 
restricted to evidence from the past 2 million 
years. Recent discoveries show that as soon as 
stone tools appear in the archaeological record, 
hominins were using them to cut and scrape 
flesh from bones4. However, many processes 
can make marks on bone surfaces. McPherron 
et al.2 used various types of scanning electron 
microscopy to confirm that the marks on the 
fossil bones they studied were made by sharp-
edged stones, and chemical analyses of the 
bone surfaces confirmed that the marks were 
made in the deep past.

This is not the first surprise from the Dikika 
region. The well-preserved skeleton of a juve-
nile Australopithecus afarensis was recovered5 
less than 300 metres from the DIK-55 site where 
the butchered bones were found. McPherron 
et al. relied on extensive geological mapping of 
the region to show that the youngest deposits 
in the Andedo drainage system date to more 
than 3.2 million years ago. This therefore is the 
minimum age for the specimens, but they may 
be up to 3.39 million years old. 
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Mesenchymal and haematopoietic stem
cells form a unique bone marrow niche
Simón Méndez-Ferrer1,2{, Tatyana V. Michurina3, Francesca Ferraro4, Amin R. Mazloom5, Ben D. MacArthur5{,
Sergio A. Lira1, David T. Scadden4, Avi Ma’ayan5, Grigori N. Enikolopov3 & Paul S. Frenette1,2,6

The cellular constituents forming the haematopoietic stem cell (HSC) niche in the bone marrow are unclear, with studies
implicating osteoblasts, endothelial and perivascular cells. Here we demonstrate that mesenchymal stem cells (MSCs),
identified using nestin expression, constitute an essential HSC niche component. Nestin1 MSCs contain all the bone-marrow
colony-forming-unit fibroblastic activity and can be propagated as non-adherent ‘mesenspheres’ that can self-renew and
expand in serial transplantations. Nestin1 MSCs are spatially associated with HSCs and adrenergic nerve fibres, and highly
express HSC maintenance genes. These genes, and others triggering osteoblastic differentiation, are selectively
downregulated during enforced HSC mobilization or b3 adrenoreceptor activation. Whereas parathormone administration
doubles the number of bone marrow nestin1 cells and favours their osteoblastic differentiation, in vivo nestin1 cell depletion
rapidly reduces HSC content in the bone marrow. Purified HSCs home near nestin1 MSCs in the bone marrow of lethally
irradiated mice, whereas in vivo nestin1 cell depletion significantly reduces bone marrow homing of haematopoietic
progenitors. These results uncover an unprecedented partnership between two distinct somatic stem-cell types and are
indicative of a unique niche in the bone marrow made of heterotypic stem-cell pairs.

The identity of the cells forming the HSC niche remains unclear.
Previous studies have shown that osteolineage cells control the niche
size1–3 and HSCs have been found preferentially localized in the
endosteal region2,4–10. However, haematopoiesis can be sustained in
extramedullary sites and selective osteoblast depletion11,12 or expan-
sion13 does not acutely affect HSC numbers. HSCs have also been
located preferentially in perivascular regions14, near reticular cells
that express high levels of the chemokine CXCL12 (also called
SDF-1)15. However, the identity and function of these cells have
not been clearly defined.

The movement of HSCs may provide an insight into their niche
because it is directly regulated by the microenvironment. HSC mobiliza-
tion requires signals from the sympathetic nervous system (SNS)16,17,
which under homeostasis lead to clock-controlled rhythmic oscillations
of Cxcl12 expression through the b3-adrenergic receptor (b3-AR,
encoded by Adrb3)18. Sympathetic fibres in the bone marrow are asso-
ciated with blood vessels and adventitial reticular cells connected by
gap junctions, thereby forming a structural network called the neuro-
reticular complex19. Here we have studied the stromal elements involved
in this complex.

Nestin identifies rare SNS-innervated perivascular stromal cells

Through unrelated investigations, we have noted that bone marrow
cells expressing the green fluorescent protein (GFP) under the regu-
latory elements of the nestin promoter20 (hereafter referred to as Nes-
GFP1 cells) were relatively rare non-haematopoietic cells (4.0 6 0.6%
of the stromal CD45– population), representing a small subset of
nucleated cells (0.08 6 0.01% by fluorescence-activated cell sorting
(FACS); 0.044 6 0.001% by histology; Fig. 1a and Supplementary

Fig. 1). Nes-GFP1 cells also expressed the intermediate filament
protein nestin (Fig. 1b and Supplementary Fig. 2) and were distinct
from vascular endothelial cells because they did not express CD31
(also called PECAM) (Fig. 1c, d), CD34 or VE-cadherin (data not
shown). However, they showed exclusively a perivascular distribution
(Fig. 1d and Supplementary Fig. 3) in regions adjacent to the bone
(Fig. 1e) or within the bone marrow parenchyma (Fig. 1f). Catecho-
laminergic nerve fibres were closely associated with Nes-GFP1 cells
(Fig. 1e, f, red staining; Supplementary Fig. 4). Furthermore, Adrb3
expression was highly enriched in CD452 Nes-GFP1 cells (Fig. 1g).
Cxcl12 expression was .50-fold higher in Nes-GFP1 than in CD452

Nes-GFP2 cells, tenfold higher than in primary osteoblasts and un-
detectable in osteoclasts (Fig. 1h). Expression of angiopoietin-1 was
also several-fold higher in Nes-GFP1 cells than in CD452 Nes-GFP2

cells or mature osteoblasts (Supplementary Fig. 5). Therefore, these
results indicated that Nes-GFP1 cells met the requirements (for
example, innervated cell expressing Cxcl12)18 for a candidate stromal
cell regulating steady-state HSC traffic.

Nestin1 cells co-localize with HSCs in the bone marrow

To evaluate the spatial relationships between Nes-GFP1 cells and HSCs,
we immunostained femoral sections of Nes-Gfp transgenic mice for
haematopoietic lineage markers (anti-Ter119, Gr-1, CD3e, B220 and
Mac-1), CD48 and CD150. In agreement with previous studies14,
CD1501CD482Lin2 HSCs represented a very rare subset (,0.005%)
of bone marrow nucleated cells. Despite the rarity of both HSCs
and Nes-GFP1 cells, the vast majority (88%; 37 out of 42) of
CD1501CD482Lin2 cells were located within five cell diameters from
Nes-GFP1 cells, and most (60%; 25 out of 42) were directly adjacent to

1Department of Medicine, Mount Sinai School of Medicine, New York, New York 10029, USA. 2Department of Gene and Cell Medicine, Mount Sinai School of Medicine, New York, New
York 10029, USA. 3Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724, USA. 4Center for Regenerative Medicine, Massachusetts General Hospital, Harvard Medical
School, Boston, Massachusetts 02114, USA. 5Department of Pharmacology and Systems Therapeutics, Mount Sinai School of Medicine, New York, New York 10029, USA. 6Ruth L. and
David S. Gottesman Institute for Stem Cell and Regenerative Medicine Research, Albert Einstein College of Medicine, Bronx, New York 10461, USA. {Present address: Department of
Cardiovascular Developmental Biology, Centro Nacional de Investigaciones Cardiovasculares Carlos III, Madrid 28029, Spain (S.M.-F.); Institute for Life Sciences, University of
Southampton, Highfield, Southampton SO17 1BJ, UK (B.D.M.).
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Nes-GFP1 cells outside (62%) or within (26%) the endosteal region
(Fig. 1i–k and Supplementary Figs 6 and 7). This co-localization
was highly significant (P , 10216; Supplementary Fig. 8). In long-
term bone marrow cultures, very few Nes-GFP1 cells contributed to
the adherent stromal layer, but were frequently associated with
cobblestone-forming areas enriched in haematopoietic progenitors
(Fig. 1l). Thus, there is a close physical association between Nes-
GFP1 cells and HSCs in the bone marrow.

Nestin1 cells are mesenchymal stem cells

Our previous studies have indicated that CXCL12-producing bone
marrow stromal cells innervated by the SNS may be osteoprogenitors18.
In addition, other studies have reported that perivascular human
CD452CD1461 cells contain MSC activity21,22, and recent data indi-
cate that cells capable of endochondral ossification are required for
HSC niche formation in the fetal bone marrow23. On the basis of this
and the characteristic nestin expression in neuroectoderm stem
cells20,24, we hypothesized that bone marrow Nes-GFP1 cells might
be MSCs. Indeed, the entire mesenchymal activity and clonogeni-
city of CD452 cells reside within the Nes-GFP1 subset (Fig. 2a). In
adherent culture, the cells rapidly lost GFP expression (Fig. 2b) and
differentiated into mesenchymal lineages, as shown by progressive

upregulation of osteoblastic (Fig. 2c), adipocytic (Fig. 2e) and chon-
drocytic (Fig. 2g) differentiation genes and a mature phenotype after
1 month in culture (Fig. 2d, f, h), whereas CD452 Nes-GFP2 cells did
not generate any progeny.

Nestin1 cells form multipotent, self-renewing mesenspheres

Because neural stem cells expressing nestin can self-renew when cul-
tured as non-adherent spheres25, we adapted conditions from neural
crest26 and pericyte27 culture to expand Nes-GFP1 cells. Bone marrow
Nes-GFP1 cells, but not CD452 Nes-GFP2 cells, formed clonal spheres
with a frequency similar to neural-crest-derived stem cells28 when
plated at low density (6.5 6 0.7%) or by single-cell deposition
(6.9 6 0.7%; Fig. 2i–k). Nes-GFP1 mesenchymal spheres, hereafter
referred to as mesenspheres, were 85 6 6mm in diameter and generated
4.4 6 0.8 secondary spheres after dissociation (n 5 19). After 2 weeks
in culture, clonal mesenspheres, like bulk cultures (Fig. 2l), progres-
sively lost GFP expression and spontaneously differentiated into
mesenchymal lineages (Fig. 2m). To study their differentiation poten-
tial, we intercrossed Nes-Gfp transgenic mice with a line expressing the
Cre recombinase under the osteoblast-specific 2.3-kilobase proximal
fragment of the a1(I)-collagen promoter (Col2.3-cre)29 and the
ROSA26/loxP-stop-loxP-lacZ30 (R26R) reporter line. After 2 weeks in
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Figure 1 | Nes-GFP1 cells are perivascular stromal cells targeted by the
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a–c, Flow cytometry characterization of bone marrow Nes-GFP1 cells;
representative diagrams were obtained from bone marrow nucleated cells
(a, c) or GFP1 cells (b); the percentage of the population in each quadrant is
indicated. d, Projection image from ,10 mm Z-stack showing fluorescent
signals from Nes-GFP (green), CD311 vascular endothelial cells (red) and
nuclei counterstained with DAPI (blue). e, f, Nes-GFP1 cells are directly
innervated by tyrosine hydroxylase1 (red) catecholaminergic fibres in the
endosteum (e) and the bone marrow parenchyma (f). g, h, Q-PCR from the
same number of sorted CD452 Nes-GFP1 and CD452 Nes-GFP2 cells, and

from primary osteoblasts (OB) and osteoclasts (OC; n 5 5–10); *P , 0.05,
**P , 0.01, ***P , 0.001; unpaired two-tailed t-test. Error bars indicate
s.e.m. i, j, Immunostaining for CD150 (red), CD48 and haematopoietic
lineages (blue) in femoral sections of Nes-Gfp mice. Stacked images of
CD1501CD482Lin2 cells (arrow) adjacent to Nes-GFP1 cells in the
endosteum (i) and the sinusoids (j). i, CD1501CD481/Lin1 megakaryocytes
(asterisks). k, Localization and number of CD1501CD482Lin2 cells relative
to Nes-GFP1 cells in different bone marrow regions. l, Nes-GFP1 cells
(green) and cobblestone-forming area (dashed line) in 4-week primary
myeloid culture. e, f, l, Overlapped fluorescence and phase contrast images.
All scale bars, 50 mm.
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culture, clonal mesenspheres obtained from triple-transgenic animals
exhibited spontaneous multilineage differentiation into Oil red O1

adipocytes and osteoblasts unambiguously identified by Col2.3-driven
b-galactosidase activity (,53%; 27 out of 51; Fig. 2n, o). Under con-
ditions that favour chondrogenic differentiation, clonal mesenspheres
that had previously shown adipogenic potential accumulated Alcian
blue1 mucopolysaccharides (Fig. 2p) and upregulated genes involved
in chondrocytic differentiation (Fig. 2q). These data demonstrate that
Nes-GFP1 mesenspheres are self-renewing and multipotent in vitro.

Nestin1 MSCs self-renew in serial transplantations

To study in vivo self-renewal, single spheres derived from triple-
transgenic animals were allowed to attach onto phosphocalcic
ceramic ossicles and then implanted subcutaneously into littermate
mice that did not carry the transgenes (Fig. 3a). Ossicles harvested
after 2 months contained numerous b-galactosidase1 osteoblasts
derived from Nes-GFP1 cells (Fig. 3b, d, e), whereas the seeding of
30,000 CD452 Nes-GFP2 cells did not generate b-galactosidase1

cells (Fig. 3c). Nes-GFP1 cells were often associated with haemato-
poietic activity in the ossicles (Fig. 3b, e). Enzymatic digestion yielded
310 6 32 new GFP1 spheres per ossicle (n 5 6), 38.6 6 1.9% of which
showed multilineage differentiation (Supplementary Table 1). These

secondary spheres were subsequently implanted into secondary reci-
pients (Fig. 3a). Numerous Col2.31 (hence donor-derived) osteo-
blasts (Fig. 3f) and haematopoietic activity (Fig. 3g; confirmed by
CD45 immunostaining) were observed in contact with Nes-GFP1

cells in secondary ossicles harvested after 8 months. Notably,
,8,500 GFP1 spheres were recovered from each secondary ossicle
(Fig. 3h), indicating robust in vivo self-renewal. These GFP1 spheres
also generated Col2.31 osteoblasts (Fig. 3i), a further proof of their
mesenchymal differentiation potential and donor origin. Thus, these
results demonstrate that nestin1 cells are indeed bona fide MSCs
capable of self-renewal in serial transplantations.

Physiological contribution to osteochondral lineages

We carried out lineage-tracing studies to evaluate whether nestin-
expressing MSCs contribute physiologically to skeletal formation.
Analyses of R26R mice intercrossed with a transgenic line expressing
the Cre recombinase under Nes regulatory elements (Nes-cre)31

revealed the contribution of nestin1 cells to osteoblasts, osteocytes
and chondrocytes (Supplementary Fig. 9). To track more specifically
the progeny of adult nestin1 MSCs, we intercrossed the conditional
transgenic line Nes-creERT2 (ref. 32) with RCE:loxP transgenic mice33.
Consistent with a slow turnover of the skeleton, we could not detect
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CD452 Nes-GFP1 cells shown by alkaline phosphatase (pink) and Von
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staining (h). CD452 Nes-GFP2 cells did not generate any progeny (d, f; inset).
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population, formed self-renewing and multipotent clonal spheres after

7–10 days in low-density culture. l, m, Adherent bulk-cultured CD452 Nes-
GFP1 cells (l) or clonal spheres (m) lost GFP expression and differentiated
into GFP– adipocytes (refringent lipoid droplets). n, o, Representative
mesenspheres showing spontaneous multilineage differentiation into
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p, q, Chondrogenic differentiation of mesenspheres shown by Alcian blue
staining (p; blue) and Q-PCR for sex determining region Y-box 9 (Sox9),
aggrecan (Acan), collagen type IIa1 (Col2a1) and collagen type XIa2
(Col11a2) (n 5 4–11) (q). i, j, m, p, Bright field; k, Fluorescence.
l, Overlapped fluorescence and bright field. Scale bars: 100mm
(f, l, k, n, p); 500mm (h); 50mm (l, m, o). Asterisks, where indicated, are:
*P , 0.05; **P , 0.01; ***P , 0.001; unpaired two-tailed t-test. All error
bars indicate s.e.m.
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GFP1 bone-forming cells after a 1-month chase. However, GFP1

osteoblasts, osteocytes and chondrocytes were observed after
8 months (Fig. 3j–m). These results indicate that adult nestin1

MSCs contribute to skeletal remodelling through differentiation into
cartilage- and bone-forming cells.

Because pre-osteoblasts and mature osteoblasts have been asso-
ciated with HSCs in the bone marrow2,4,5,10, we also studied their
relationship with Nes-GFP1 MSCs. Col2.31 mature osteoblasts were
distinct from, but frequently localized near, Nes-GFP1 perivascular
MSCs (Fig. 3n, o). N-cadherin1 cells were largely bone-lining osteo-
blasts and pre-osteoblasts, as previously reported10, distinct from
Nes-GFP1 cells (Supplementary Fig. 10). Cells expressing osterix, a
transcription factor required during osteoblastic differentiation34,
were also significantly more abundant than Nes-GFP1 MSCs in the
trabecular bone and were localized between Nes-GFP1 cells and the
bone margin (Fig. 3p, q), with a ratio of Nes-GFP1/osterix1 cells in
keeping with that of stem cell/progenitor. Therefore, despite their
osteoblastic differentiation potential, Nes-GFP1 MSCs are distinct
from pre-osteoblasts and osteoblasts.

Nestin1 MSCs are quiescent and metabolically active

Nestin expression and sphere-forming capacity suggested a neuroec-
todermal origin of these MSCs. Indeed, the presence of multipotent
bone-marrow neural-crest-derived cells has been suggested35 and
Sox11 neuroepithelial cells supply the first embryonic MSC wave36.
To get a molecular signature of bone marrow Nes-GFP1 cells, we
have compared their genome profile with various stem cells obtained
from public databases. Non-biased hierarchical clustering and prin-
cipal coordinates analyses revealed that bone marrow Nes-GFP1 cells
were different from all stem cells analysed. However, in agreement
with their MSC function, their overall expression profile appeared
closest to human MSCs (Supplementary Fig. 11a, e).

We performed gene ontology analyses and predicted protein–
protein interactions from transcripts significantly up- or downregu-
lated in bone marrow Nes-GFP1 cells compared to all stem cells
analysed. Most upregulated transcripts (Supplementary Fig. 11b, d)
were associated with metabolic processes (cyan nodes), whereas most
downregulated transcripts (Supplementary Fig. 11c, d) were involved
in cell cycle progression (yellow nodes).

Differential effects of G-CSF, SNS and parathormone

Previous studies indicate that the haematopoietic cytokine granulo-
cyte colony-stimulating factor (G-CSF) inhibits osteoblasts37 through
the SNS16. By contrast, in vivo parathormone administration
expanded osteoblasts and also doubled the HSC pool1,3. We investi-
gated how these physiological stimuli affected the proliferation and
differentiation of bone marrow Nes-GFP1 cells. Cell cycle studies
confirmed that bone marrow Nes-GFP1 cells are significantly more
quiescent than other stromal CD452 Nes-GFP2 cells. Within the
CD452 population from flushed bone marrow samples, the pro-
liferative fraction of Nes-GFP1 cells was significantly greater after
chemical sympathectomy or parathormone administration. In con-
trast, G-CSF treatment inhibited proliferation of both Nes-GFP1 and
CD452 Nes-GFP2 cells (Supplementary Fig. 12a, b).

The inhibitory effects of the SNS and G-CSF on bone marrow Nes-
GFP1 cells did not only concern the cell cycle but also differentiation,
as G-CSF, a non-selective b- or a selective b3-AR agonist downregu-
lated osteoblastic differentiation genes specifically in Nes-GFP1 cells
(Supplementary Fig. 12c, d). By contrast, in vivo parathormone
administration increased by ,2-fold the number of bone marrow
Nes-GFP1 cells (Supplementary Fig. 12e) and primed them to dif-
ferentiate more rapidly (,1 week) into Col2.31 osteoblasts (Sup-
plementary Fig. 12f, g). The effect of parathormone was direct
because it was also observed in vitro in purified bone marrow Nes-
GFP1 cells, which express parathormone receptor (Supplemen-
tary Fig. 13). These results raise the possibility that HSC expansion
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osteoblasts derived from CD452 Nes-GFP1 cells (blue) and also
haematopoietic areas (circled by dashed line). g, CD451 haematopoietic
cells (red) localized near Nes-GFP1 (green) cells in the ossicles; cell nuclei
have been stained with DAPI (blue); grid, 50mm per square. h, i, Secondary
ossicles yielded 8,557 6 537 GFP1 spheres (h) that generated Col2.31

osteoblasts (i; blue precipitates). j–m, Adult nestin1 MSCs contribute to
endochondral lineages. j–l, Femoral sections from 11-month-old Nes-
creERT2/RCE:loxP double-transgenic mice 8 months after tamoxifen
treatment showing the contribution of adult nestin1 cells to bone-lining
osteoblasts (j), osteocytes (k; asterisks indicate GFP1 cells, arrowheads
indicate GFP2 osteocytes) and collagen a1 type 21 (red) chondrocytes
(l). m, GFP1 (green) perivascular cells (asterisk) identical in frequency,
morphology and distribution to Nes-GFP1 cells and osteoblasts
(arrowhead) co-stained with anti-GFP antibodies (red). n, o, Bone marrow
section of Nes-Gfp/Col2.3-cre/R26R triple-transgenic mouse showing
X-gal1 osteoblasts (dark precipitates), GFP1 (green) and CD311 vascular
endothelial cells (red); Col2.31 osteoblasts localized near Nes-GFP1

perivascular cells are indicated with arrowheads. p, q, Immunostaining for
osterix (red) in trabecular bone section of a 5-week-old Nes-Gfp (green)
mouse. g, j–m, o–q, Nuclei have been stained with DAPI (blue).
j, l, m, p, q, Bone (b) margins are indicated with dashed lines. b, c, f, i, n, Bright
field; g, j, k, p, q, fluorescence; d, e, h, l, m, o, overlapped fluorescence and
bright field. Scale bars: 100 mm (c–f, h, i); 20 mm (j–q).
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previously associated with parathormone administration1,3 could be
due to expansion of nestin1 MSCs rather than mature osteoblasts.

Expression and regulation of HSC maintenance genes

To gain more insight into the regulation of the HSC niche by G-CSF
and the SNS, we analysed the expression of genes that regulate HSC
maintenance and attraction in the bone marrow38 (Cxcl12, c-kit ligand,
angiopoietin-1, interleukin-7, vascular cell adhesion molecule-1 and
osteopontin) in mice treated with G-CSF or b-AR agonists. The
expression of these genes was extremely high (close to or higher than
Gapdh) in Nes-GFP1 cells, and—with the exception of Angpt1—
50–700-fold higher than in the other bone marrow stromal cells.

Moreover, these genes, except osteopontin, were significantly and
selectively downregulated in Nes-GFP1 cells by G-CSF (Fig. 4a) or
b3-AR agonists (Supplementary Fig. 14a). Very similar results were
obtained when b-actin was used as a housekeeping gene instead of
Gapdh (Supplementary Fig. 15). The expression of connexin-45 and
connexin-43 was also 200–500-fold higher in Nes-GFP1 cells than in
CD452 Nes-GFP2 cells (Supplementary Fig. 14b), indicating the exist-
ence of electromechanical coupling involving nestin1 cells innervated
by noradrenergic nerve terminals16,18,19.

Nestin1 cells maintain HSCs in the bone marrow

To determine whether nestin1 cells are required for HSC maintenance
in the bone marrow, we performed selective depletion experiments by
intercrossing a Cre-recombinase-inducible diphtheria toxin receptor
line39 (iDTR) with Nes-creERT2 mice. In adult Nes-creERT2/iDTR mice,
tamoxifen and diphtheria toxin treatment severely reduced bone
marrow nestin1 cells, as estimated by mesensphere-forming efficiency
(92.9 6 1.8% reduction; n 5 6). Whereas bone marrow cellularity and
Lin2CD482 cell numbers were not affected in Nes-creERT2/iDTR mice
up to 2 weeks after treatment with diphtheria toxin (Fig. 4b, c), the
more immature CD482Lin2Sca-11c-kit1 (LSK) cells (Fig. 4d) and
CD1501 CD482 LSK cells (Fig. 4e) were reduced by ,50%. This was
associated with a proportional and selective increase in the number of
LSK and CD1501CD482 LSK cells in the spleen (Fig. 4f–i), without
detectable difference in cell cycle profile or apoptotic rates (Sup-
plementary Fig. 16). Moreover, long-term culture-initiating cell
(LT-CIC) assay using limiting dilutions of bone marrow cells obtained
from Nes-creERT2/iDTR double transgenic or control iDTR mice
1 month after tamoxifen and diphtheria toxin treatment showed a
,4-fold reduction in bone marrow HSC activity after depletion of
nestin1 cells (Fig. 4j). Thus, these studies indicate that HSCs/progeni-
tors are reduced in the bone marrow after the depletion of nestin1

cells, owing at least in part to mobilization towards extramedullary
sites.

Nestin1 cells are required for HSC/progenitor homing

To evaluate further the impact of nestin1 cells in progenitor traffick-
ing to bone marrow, we assayed haematopoietic progenitor homing
to the bone marrow, and found it to be markedly reduced (by 90%)
in diphtheria-treated, lethally irradiated Nes-creERT2/iDTR mice
(Fig. 4k). To assess more specifically the homing of HSCs, we tracked
by intravital microscopy highly purified, fluorescently labelled HSCs
after transplantation into lethally irradiated Nes-Gfp transgenic mice,
as described40. Calvarial Nes-GFP1 cells were also perivascular (Sup-
plementary Fig. 17), contained all colony-forming units-fibroblast
(CFU-F) and sphere-forming cells (data not shown). Analyses of
average shorter distances of homed HSCs from Nes-GFP1 cells and
the bone surface revealed that HSCs rapidly home near Nes-GFP1

cells in the bone marrow (Fig. 4l, m), indicating that bone marrow
nestin1 cells participate in directed HSC migration.

Discussion

These studies indicate that nestin1 cells represent bona fide niche cells
in that they show a close physical association with HSCs, very high
expression levels of core HSC maintenance genes, selective down-
regulation of these genes by G-CSF or b3-AR stimulation, and signifi-
cant reductions in bone marrow HSCs upon their deletion. In
addition, they behave functionally as MSCs based on their exclusive
CFU-F content, multilineage differentiation towards mesenchymal
lineages, robust self-renewal in serial transplantation and in vivo con-
tribution to osteochondral lineages under homeostasis. Furthermore,
we provide evidence for a balanced regulation of haematopoietic and
mesenchymal lineages at the stem-cell level where homeostatic neural
(for example, SNS) and hormonal (for example, parathormone)
mechanisms tightly regulate in tandem HSC maintenance and MSC
proliferation and differentiation.
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Figure 4 | Regulation of HSC maintenance by nestin1 MSCs. a, Expression
and regulation of core HSC maintenance genes by CD452 Nes-GFP1 cells.
Q-PCR for Cxcl12, stem cell factor/kit ligand (Kitl), angiopoietin-1 (Angpt1),
interleukin-7 (Il7), vascular cell adhesion molecule-1 (Vcam1) and
osteopontin (Spp1) in CD452 Nes-GFP1 and CD45– Nes-GFP2 cells sorted
from the bone marrow of mice injected with G-CSF or vehicle (n 5 6).
b–k, Bone marrow (BM) and spleen nucleated (b, f), Lin2 CD482

(c, g), CD482 LSK (d, h) and CD1501CD482 LSK (e, i) cells 3–16 days after
tamoxifen and diphtheria toxin administration in Nes-creERT2/iDTR double-
and control iDTR single-transgenic mice (n 5 6–12). j, Long-term culture-
initiating cell assay using limiting dilutions of bone marrow cells from Nes-
creERT2/iDTR (red) or control iDTR mice (black) 1 month after tamoxifen
and diphtheria toxin treatment; the percentage of culture dishes in each
experimental group that failed to generate colony-forming units is plotted
against the number of test bone marrow cells; bone marrow HSC frequencies
are indicated; Pearson chi-squared test (n 5 4–6). k–m, Nestin1 cells are
required for the homing of haematopoietic stem and progenitor cells. k, Bone
marrow homing of haematopoietic progenitors (CFU-C) in tamoxifen- and
diphtheria-toxin-treated Nes-creERT2/iDTR and control iDTR mice
(n 5 4–8). l, m, HSCs rapidly home near GFP1 cells in the bone marrow of
Nes-Gfp transgenic mice. l, Average shorter distances between bone marrow
HSCs, Nes-GFP1 cells and the bone surface 2 h (n 5 16), 48 h (n 5 30) and
96 h (n 5 14) after HSC transplantation into lethally irradiated mice.
m, Representative DyD-stained (red) HSC, Nes-GFP1 (green) cell and bone
matrix (blue). *P , 0.05, **P , 0.01, ***P , 0.001; unpaired two-tailed
t-test. All error bars indicate s.e.m.
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The present studies reconcile divergent views about the cellular com-
ponents of the HSC niche, because nestin1 cells encompass features
previously attributed to osteoblastic1,2 or endothelial14 niches. The data
indicate a structurally unique niche in the bone marrow made of MSC–
HSC pairings, tightly regulated by local input from the surrounding
microenvironment and by long-distance cues from hormones and the
autonomic nervous system.

METHODS SUMMARY
Nes-Gfp (ref. 20), FVB-Tg(Col1a1-cre)1Kry/Mmcd (ref. 29), B6.Cg(SJL)-

TgN(Nes-cre)1Kln (ref. 31), Nes-CreERT2 (ref. 32), RCE:loxP (ref. 33), C57BL/

6-Gt(ROSA)26Sortm1(HBEGF)Awai/J39, B6.129S4-Gt(ROSA)26Sortm1Sor/J30

transgenic mice (Jackson Laboratories) and C57BL/6-CD45.1 mice (Frederick

Cancer Research Center) have been used in these studies. Detailed procedures for

cell isolation and culture, in vitro differentiation, LT-CIC and heterotopic bone

ossicle assays, histological analyses of ossicles, in vivo treatments and cell deple-

tion experiments, homing assay, RNA isolation, quantitative real-time RT–PCR,

gene chip and analyses of microarray experiments, gene ontology and protein–
protein interactions are available 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
Mouse strains. Nes-Gfp (ref. 20), FVB-Tg(Col1a1-cre)1Kry/Mmcd (ref. 29),

B6.Cg(SJL)-TgN(Nes-cre)1Kln (ref. 31), Nes-CreERT2 (ref. 32), RCE:loxP

(ref. 33), C57BL/6-Gt(ROSA)26Sortm1(HBEGF)Awai/J39, B6.129S4-Gt(ROSA)

26Sortm1Sor/J30 transgenic mice (Jackson Laboratories) and C57BL/6-CD45.1

mice (Frederick Cancer Research Center) have been used in these studies.

Experimental procedures were approved by the Animal Care and Use

Committee of Mount Sinai School of Medicine.

Cell isolation and culture. For isolation of primary cells, the bone marrow from

the femora, tibia and humeri was flushed in FACS buffer prepared freshly as

described28 with Leibovitz’s L-15 medium (Invitrogen) containing 1 mg ml21

bovine serum albumin (BSA, Sigma), 10 mM HEPES (Sigma) pH 7.4 and 1%

penicillin-streptomycin (Invitrogen). After erythrocyte lysis with 0.8% NH4Cl,

the bone marrow was processed as previously described for neural crest cells

from the postnatal gut28. Cells were enriched by immunomagnetic depletion

using anti-CD45 magnetic beads (Milteyi Biotec), following the manufacturer’s

recommendations. CD452GFP1 and CD452GFP2 cells were further purified

using an automated cell sorter. For sphere formation, cells were plated at clonal

density (,1,000 cells cm22) or by single-cell deposition in ultra-low adherent

35-mm dishes (StemCell Technologies) or 96-well plates (Corning). The growth

medium was adapted from neural crest26 and pericyte27 culture and contained

15% chicken embryo extract, prepared as described25, 0.1 mMb-mercaptoethanol,

1% non-essential amino acids (Sigma), 1% N2 and 2% B27 supplements (Gibco),

fibroblast growth factor (FGF)-basic, insulin-like growth factor-1 (IGF-1), epi-

dermal growth factor (EGF), platelet-derived growth factor (PDGF) and oncosta-

tin M (OSM) (Peprotech) (20 ng ml21) in DMEM/F12 (1:1)/human endothelial

(Gibco) (1:2). The cultures were kept at 37 uC with 5% CO2 in a water-jacketed

incubator and left untouched for 1 week to prevent cell aggregation in low density

cultures. One-half medium changes were performed weekly.

In vitro differentiation. Osteoblastic differentiation was induced by culturing

the cells for 4 weeks with 50 mg ml21
L-ascorbic acid 2-phosphate, 10 mM glycer-

ophosphate (Sigma) and 15% FBS in a-MEM with penicillin-streptomycin

(Invitrogen). Adipocyte differentiation was induced with 1 mM dexamethasone,

10mg ml21 insulin (Sigma) and 10% FBS in a-MEM with penicillin-streptomycin.

Chondrogenic differentiation was induced in confluent CFU-F cultures pre-

pared as described18 and also in cell pellets with 1027 M dexamethasone, 1024

M L-ascorbic acid, 1 mM sodium pyruvate, non-essential amino acids, 13 ITS11

(10 mg l21 bovine insulin, 5.5 mg l21 transferrin, 5mg l21 sodium selenite,

4.7mg ml21 linoleic acid, and 0.5 mg ml21 bovine serum albumin; Sigma) and

10 ng ml21 TGF-b3 (Peprotech) in DMEM (Invitrogen) over 4 weeks. All cultures

were maintained with 5% CO2 in a water-jacketed incubator at 37 uC, and half-

medium changes will be performed weekly. To assess in vitro differentiation into

mesenchymal lineages, cells were briefly washed with phosphate buffer saline

(PBS) supplemented with 0.1 mM CaCl2 and 1 mM MgCl2 (modified PBS) and

fixed for 10 min at room temperature with 3% paraformaldehyde in modified PBS

(Sigma). For the detection of alkaline phosphatase activity, cells were washed twice

with PBS and incubated for 20 min at room temperature with 50mg ml21

Naphthol AS-MX phosphate, 0.5% N,N-dimethylformamide and 0.6 mg ml21

Fast Red Violet LB in 0.1 M Tris-HCl, pH 8.9. Bone nodule formation was

evaluated by von Kossa staining. Briefly, cells were rinsed three times and stained

with fresh 5% silver nitrate for 30 min. After rinsing three times, the reaction was

developed with 5% sodium carbonate in 25% formalin for 5 min. After rinsing

three times, the cells were fixed with 5% sodium thiosulphate for 2 min, and rinsed

three times. Adipocytes were stained with Oil Red O as follows: cells were washed

with 60% isopropanol and allowed to dry completely. Oil Red working solution

was prepared as a 6:4 dilution in bidistilled water of a 0.35 g ml21 Oil Red O

solution in isopropanol (Sigma), and filtered 20 min later. Cells were incubated

for 10 min with Oil red working solution and rinsed four times. To stain muco-

polysaccharides associated with chondrocytic differentiation, fixed cultures and

cell pellets were incubated for 30 min at room temperature with 1% Alcian blue

8GX (Sigma) in 3% acetic acid, pH 2.5, and rinsed four times.

Long-term culture-initiating cell. (LT-CIC) assay was performed as previously

described13. Bone marrow HSC frequencies were estimated by the Newton-

Raphson method of maximum likelihood and Poisson statistics (L-CalcTM

software, StemCell Technologies) as the reciprocal of the number of test cells

that yielded a 37% negative response.

Heterotopic bone ossicle assay. Ceramic porous cubes (,3 mm3) composed of

65% calcium phosphate hydroxyapatite and 35% tricalcium phosphate

(Ceraform) were washed with bidistilled water twice to discard small detached

fragments, autoclaved and coated with 0.1 mg ml21 fibronectin from bovine

plasma (Sigma). To eliminate the air contained in the cubes and ensure proper

coating of the pores, ossicles were placed in a tube containing the fibronectin

solution and agitated for 1 min while negative pressure was applied by suction

with a 60-ml syringe with a 21 gauge needle through the tube cap. The procedure

was repeated once. Fibronectin-coated ossicles were allowed to dry overnight in a

laminar flow hood. Freshly sorted cells were sucked into the ossicles using a

similar procedure, or single spheres were gently deposited onto the ossicles

and allowed to attach for 24 h in the incubator. The ossicles were implanted

subcutaneously under the dorsal skin of 6–12-week-old anaesthetized recipient

animals.

Histological analyses of ossicles. Two months after transplantation, anaesthetized

recipient animals received 100 U sodium heparin (intraperitoneally, Sigma) to

prevent coagulation and were intracardially perfused through the left ventricle

with , 20 ml 2 mM MgCl2 in cold PBS followed by 100 ml 2% paraformaldehyde,

0.2% glutaraldehyde, 5 mM EGTA, 2 mM MgCl2 in PBS, pH 7.4, at 4 uC. The

ossicles were harvested and post-fixed for 2 h at 4 uC with the same fixative.

After two rinses with 2 mM MgCl2 in cold PBS, the ossicles were washed for

10 min with 2 mM MgCl2, 0.01% sodium deoxycholate (Sigma), 0.02% Nonidet

P-40 (Roche) in PBS. X-gal staining of the ossicles was performed with 5 mM

K3Fe(CN)6, 5 mM K4Fe(CN)6, 2 mM MgCl2, 0.01% sodium deoxycholate

(Sigma), 1 mg ml21 5-Bromo-4-chloro-3-indoxyl-b-D-galactopyranoside (X-gal,
BioSynth AG), 0.02% Nonidet P-40 (Roche) in PBS overnight at 37 uC under

agitation. Ossicles were partially decalcified with 0.25 M EDTA for 2–3 days, cryo-

protected, sectioned (10mm) with a tungsten carbide blade (Diamond Knives) and

mounted onto 43 methacrylate-coated slides using the CryoJane tape transfer

system (Instrumedics). Immunostaining for GFP was performed as previously

described for tyrosine hydroxylase detection18, using a polyclonal rabbit anti-

GFP antibody (1:200, Invitrogen). Immunostaining procedures for the detection

of SLAM markers have been described before14.

In vivo treatments. Isoprenaline or BRL37344 (2 mg kg21; Sigma) were injected

intraperitoneally 2 h before harvesting; the adrenergic agonists (50mM) were also

present in the enzymatic digestion and sorting steps, that were carried out at

37 uC and room temperature respectively. G-CSF or vehicle was administered as

described previously16. Parathormone or vehicle was administered as previously

described3.

Nestin1 cell depletion experiments. Nestin-creERT2/iDTR double- and iDTR

single-transgenic mice, as a control, were administered tamoxifen (143 mg kg21,

intraperitoneally, 3 times, every other day) and diphtheria toxin (4mg kg21,

intraperitoneally, 2 days after the last tamoxifen injection).

Homing of haematopoietic progenitors. Nestin-creERT2/iDTR double-transgenic

mice and control iDTR single-transgenic mice were treated with tamoxifen and

diphtheria toxin and lethally irradiated (12 Gy, one dose) 16–20 h later. Five

million nucleated cells from congenic C57BL/6 donor mice in 200ml PBS were

intravenously injected into each mouse. After 3 h, the bone marrow was harvested

and transferred to colony-forming units in culture (CFU-C) assay. Bone marrow

CFU-C content was calculated as previously described42.

Isolation, labelling, transplantation and in vivo tracking of HSCs. Bone marrow

samples from congenic C57BL/6 mice were stained with biotinylated antibodies

for haematopoietic lineages (detected with Pacific Orange-conjugated strep-

tavidin), APC-conjugated anti-c-kit, Pacific blue-conjugated anti-Sca-1, PE-

conjugated anti-CD150 and FITC-conjugated anti-CD48. CD1501CD482 LSK

cells were sorted and stained with Vybrant DyD (Invitrogen). A number of

5,000–11,000 CD1501CD482 LSK cells were intravenously injected into lethally

irradiated Nes-Gfp transgenic mice as described previously40. Average shorter dis-

tances between Vybrant DyD1 cells, bone marrow Nes-GFP1 cells and the bone
surface were measured 2, 48 and 96 h later. Bone matrix (blue) was visualized by

second harmonic signal generated by bone collagen when illuminated by femto-

second titanium:sapphire laser pulses, as previously described40.

RNA isolation and quantitative real-time RT–PCR. Sorted cells were collected

in lysis buffer and RNA isolation was performed using the Dynabeads mRNA

DIRECT Micro Kit (Invitrogen). Reverse transcription was performed using the

Reverse Transcription System (Promega), following the manufacturer’s recom-

mendations. Quantitative real-time RT–PCR (Q-PCR) was performed as previ-

ously described18. The sequences of oligonucleotides for Q-PCR are included in

Supplementary Table 2.

Gene chip. RNA samples from FACS-sorted cells were obtained using the

RNAdvance Cell kit (Agencourt), amplified with the WT-Ovation Pico RNA

amplification system and converted to sense transcripts using the WT-Ovation

Exon Module (NuGen Technologies). The cDNA was fragmented and labelled

with the FL-Ovation cDNA Biotin Module V2 (NuGen Technologies).

Microarray was performed using Affymetrix GeneChips Exon 1.0 ST Array for

the mouse.

Analyses of microarray experiments. The selected experiments were conducted

on different Affymetrix platforms and include microarrays from human and

murine cells. The raw data were first processed using the Affymetrix Expression

Console V.1.1 (publicly available from the Affymetrix website). Data were

normalized using Signal Algorithm MAS 5.0 and exported as text files.
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Following the normalization step, the probes were matched to gene IDs for each
chip using the associated reference annotation files published on the Affymetrix

website. In the case of multiple probes per gene ID the mean value for the probes

was used. To make the analysis portable across human and mouse, mouse homo-

logues genes were matched to human genes using HomoloGene (http://

www.ncbi.nlm.nih.gov/homologene). Because bone marrow CD452 Nes-GFP1

gene expression profile was obtained using the GeneChip Mouse Exon 1.0 ST

Array, genes across platforms were matched using gene IDs. The expression of

9,000 annotated matched genes, across all platforms, was ultimately compared. To

compare gene expression patterns across multiple cell types from the data col-

lected from CD452 Nes-GFP1 cells and other relevant cells using different micro-

array platforms, a non-parametric approach was implemented. Each individual

expression vector from each experiment was first sorted to rank genes in descend-

ing order based on absolute expression level. In the case that the expression levels

of two genes were precisely equal, tied ranks were used. All ranked vectors for all

experiments were converted to a matrix in which each row represents a gene and

each column corresponds to an experiment. Hierarchical clustering was con-

ducted on the most variable (top 10% 5 948) ranked genes using the

Manhattan (city block) metric and weighted average linkage function using the
Matlab Bioinformatics Toolbox.

Gene Ontology analysis of genes differentially expressed in bone marrow

CD452 Nes-GFP1 cells. To identify genes that were differentially expressed in

bone marrow CD452 Nes-GFP1 cells by comparison with all the other experi-

mental groups, the Kruskal–Wallis non-parametric ANOVA test was used.

Genes that displayed a significant difference between bone marrow CD452

Nes-GFP1 cells and at least one of the other experimental groups (P , 0.01)

were selected for Gene Ontology (GO) analysis. Subsequently, ranks ,3,000 and

ranks .6,000 were used to separate up- versus downregulated genes.

Protein–protein interactions from up- and downregulated genes. The pro-

gram Genes2Networks was used as described previously43 to find direct protein–

protein interactions based on the genes that were up- or downregulated in bone

marrow CD452 Nes-GFP1 cells, as compared to all other experiments.

Enrichment of Gene Ontology terms for Biological Process for two up- or down-

regulated groups of genes was applied to find biological processes in which these

were involved. The Fisher Exact Test was used to quantify the enrichment in the

list of genes. Terms with P , 1027 were fixed to this maximum level for better

visualization.

42. Katayama, Y. et al. PSGL-1 participates in E-selectin-mediated progenitor homing
to bone marrow: evidence for cooperation between E-selectin ligands and alpha4
integrin. Blood 102, 2060–2067 (2003).

43. Berger, S. I., Posner, J. M. & Ma’ayan, A. Genes2Networks: connecting lists of gene
symbols using mammalian protein interactions databases. BMC Bioinform. 8, 372
(2007).

doi:10.1038/nature09262

Macmillan Publishers Limited. All rights reserved©2010

http://www.ncbi.nlm.nih.gov/homologene
http://www.ncbi.nlm.nih.gov/homologene
www.nature.com/doifinder/10.1038/nature09262
www.nature.com/nature
www.nature.com/nature


ARTICLES

Mammalian microRNAs predominantly act
to decrease target mRNA levels
Huili Guo1,2, Nicholas T. Ingolia3,4, Jonathan S. Weissman3,4 & David P. Bartel1,2

MicroRNAs (miRNAs) are endogenous ,22-nucleotide RNAs that mediate important gene-regulatory events by pairing to
the mRNAs of protein-coding genes to direct their repression. Repression of these regulatory targets leads to decreased
translational efficiency and/or decreased mRNA levels, but the relative contributions of these two outcomes have been
largely unknown, particularly for endogenous targets expressed at low-to-moderate levels. Here, we use ribosome profiling
to measure the overall effects on protein production and compare these to simultaneously measured effects on mRNA levels.
For both ectopic and endogenous miRNA regulatory interactions, lowered mRNA levels account for most ($84%) of the
decreased protein production. These results show that changes in mRNA levels closely reflect the impact of miRNAs on gene
expression and indicate that destabilization of target mRNAs is the predominant reason for reduced protein output.

Each highly conserved mammalian miRNA typically targets mRNAs
of hundreds of distinct genes, such that as a class these small regula-
tory RNAs dampen the expression of most protein-coding genes to
optimize their expression patterns1,2. When pairing to a target is
extensive, a miRNA can direct destruction of the targeted mRNA
through Argonaute-catalysed mRNA cleavage3,4. This mode of
repression dominates in plants5, but in animals all but a few targets
lack the extensive pairing required for cleavage2.

The molecular consequences of the repression mode that domi-
nates in animals are less clear. Initially miRNAs were thought to
repress protein output with little or no influence on mRNA levels6,7.
Then mRNA-array experiments showed that miRNAs decrease the
levels of many targeted mRNAs8–11. A revisit of the initially identified
targets of Caenorhabditis elegans miRNAs showed that these tran-
scripts also decrease in the presence of their cognate miRNAs12.
The mRNA decreases are associated with poly(A)-tail shortening,
leading to a model in which miRNAs cause mRNA de-adenylation,
which promotes de-capping and more rapid degradation through
standard mRNA-turnover processes10,13–15. The magnitude of this
destabilization, however, is usually quite modest, which has bolstered
the lingering notion that with some exceptions (for example,
Drosophila miR-12 regulation of CG10011, ref. 14) most repression
occurs through translational repression, and that monitoring mRNA
destabilization might miss many targets that are downregulated with-
out detectable mRNA changes. Challenging this view are results of
high-throughput analyses comparing protein and mRNA changes
after introducing or deleting individual miRNAs16,17. An interpreta-
tion of these results is that the modest mRNA destabilization imparted
by each miRNA–target interaction represents most of the miRNA-
mediated repression16. We call this the ‘mRNA-destabilization’
scenario and contrast it to the original ‘translational-repression’
scenario, which posited decreased translation with relatively little
mRNA change.

In the mRNA-destabilization scenario differences between protein
and mRNA changes are mostly attributed to either measurement
noise or complications arising from pre-steady-state comparisons
of mRNA-array data, which measure differences at one moment in
time, and proteomic data, which measure differences integrated over

an extended period of protein synthesis. If either mRNA levels or
miRNA activities change over the period of protein synthesis (or the
period of metabolic labelling), correspondence between mRNA
destabilization and protein decreases could become distorted.
Another complication of proteomic data sets is that they preferen-
tially examine more highly expressed proteins, whose repression
might differ from more modestly expressed proteins. A recent study
used mRNA arrays to monitor effects on both mRNA levels and
mRNA ribosome density and occupancy, thereby providing a more
sensitive analysis of changes in mRNA utilization and bypassing the
need to compare protein and mRNA18. This array study supports the
mRNA-destabilization scenario but examines the response to an
ectopically introduced miRNA, leaving open the question of whether
endogenous miRNA–target interactions might impart additional
translational repression.

Ribosome profiling, a method that determines the positions of
ribosomes on cellular mRNAs with sub-codon resolution19, is based
on deep sequencing of ribosome-protected mRNA fragments (RPFs)
and thereby provides quantitative data on thousands of genes not
detected by general proteomics methods. Moreover, ribosome pro-
filing reports on the status of the cell at a particular time point, and
thus generates results more directly comparable to mRNA-profiling
results than does proteomics. We extended this method to human
and mouse cells, thereby enabling a fresh look at the molecular con-
sequences of miRNA repression.

Ribosome profiling in mammalian cells

Ribosome profiling generates short sequence tags that each mark the
mRNA coordinates of one bound ribosome19. The outline of our
protocol for mammalian cells paralleled that used for yeast (Fig. 1a).
Cells were treated with cycloheximide to arrest translating ribosomes.
Extracts from these cells were then treated with RNase I to degrade
regions of mRNAs not protected by ribosomes. The resulting 80S
monosomes, many of which contained a ,30-nucleotide RPF, were
purified on sucrose gradients and then treated to release the RPFs,
which were processed for Illumina high-throughput sequencing.

We started with HeLa cells, performing ribosome profiling on
miRNA- and mock-transfected cells. In parallel, poly(A)-selected

1Whitehead Institute for Biomedical Research, Cambridge, Massachusetts 02142, USA. 2Howard Hughes Medical Institute and Department of Biology, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139, USA. 3Howard Hughes Medical Institute and Department of Cellular and Molecular Pharmacology, University of California, San
Francisco, California 94158, USA. 4California Institute for Quantitative Biosciences, San Francisco, California 94158, USA.
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mRNA from each sample was randomly fragmented, and the result-
ing mRNA fragments were processed for sequencing (mRNA-Seq)
using the same protocol as that used for the RPFs. Sequencing
generated 11–18 million raw reads per sample, of which 4–8 million
were used for subsequent analyses because they each mapped to a
single location in a database of annotated pre-mRNAs and mRNA
splice junctions (Supplementary Table 1).

Combining RPFs from HeLa-expressed mRNAs into one composite
mRNA showed that ribosome profiling captured fundamental features
of translation (Fig. 1b, c and Supplementary Fig. 1c). Although a few
RPFs mapped to annotated 59-untranslated regions (59UTRs), which
indicated the presence of ribosomes at upstream open reading frames
(ORFs)19, the vast majority mapped to annotated ORFs. RPF density
was highest at the start and stop codons, reflecting known pauses at
these positions20. mRNA-Seq tags, in contrast, mapped uniformly
across the length of the mRNA, as expected for randomly fragmented
mRNA.

The most striking feature in the composite-mRNA analysis was the
3-nucleotide periodicity of the RPFs. In sharp contrast to the 59

termini of the mRNA-Seq tags, which mapped to all three codon
nucleotides equally, the RPF 59 termini mostly mapped to the first
nucleotide of the codon (Fig. 1d). This pattern, analogous to that
observed in yeast19, is attributable to the RPFs capturing the move-
ment of ribosomes along mRNAs—three nucleotides at a time. The
protocol applied to mouse neutrophils generated ,30-nucleotide
RPFs with the same pattern (Supplementary Fig. 1d, e). Thus, ribo-
some profiling mapped, at sub-codon resolution, the positions of
translating ribosomes in human and mouse cells.

Similar repression regardless of target expression level

General features of translation and translational efficiency in mam-
malian cells will be presented elsewhere. Here, we focus on miRNA-
dependent changes in protein production. Our HeLa-cell experiments
examined the impact of introducing miR-1 or miR-155, both of which

are not normally expressed in HeLa cells, and our mouse-neutrophil
experiments examined the impact of knocking out mir-223, which
encodes a miRNA highly and preferentially expressed in neutrophils21.
These cell types and miRNAs were chosen because proteomics experi-
ments using either the SILAC (stable isotope labelling with amino
acids in cell culture) or pSILAC (a pulsed-labelled version of
SILAC) methods had already reported the impact of each of these
miRNAs on the output of thousands of proteins16,17.

Pairing to the miRNA seed (nucleotides 2–7) is important for target
recognition, and several types of seed-matched sites, ranging in length
from 6 to 8 nucleotides, mediate repression2. Ribosome-profiling and
mRNA-Seq results showed the expected correlation between site
length and site efficacy2 (Supplementary Fig. 2). Because the response
of mRNAs with single 6-nucleotide sites was marginal and observed
only in the miR-1 experiment, subsequent analyses focused on
mRNAs with at least one canonical 7–8-nucleotide site.

In the miR-155 experiment, mRNAs from 5,103 distinct genes
passed our read threshold for single-gene quantification ($100
RPFs and $100 mRNA-Seq tags in the mock-transfection control).
Genes with at least one 39UTR site tended to be repressed following
addition of miR-155, yielding fewer mRNA-Seq tags and fewer RPFs
in the presence of the miRNA (Fig. 2a; P , 10248 and 10237, respec-
tively, one-tailed Kolmogorov–Smirnov (K–S) test, comparing to
genes with no site in the entire message). Proteins from 2,597 of
the 5,103 genes were quantified in the analogous pSILAC experi-
ment17. The mRNA and RPF changes for the pSILAC-detected subset
were no less pronounced than those of the larger set of analysed genes
(Fig. 2a; P 5 0.70 and 0.62 for mRNA and RPF data, respectively, K–S
test), which implied that the response of mRNAs of proteins detected
by high-throughput quantitative proteomics accurately represented
the response of all mRNAs. Analogous results were obtained in the
miR-1 and miR-223 experiments (Fig. 2b, c; P , 10210 for each com-
parison to genes with no site, and P . 0.56 for each comparison to the
proteomics-detected subset). Furthermore, analyses of genes binned
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Figure 1 | Ribosome profiling in human cells captured features of
translation. a, Schematic diagram of ribosome profiling. Sequencing
reproducibility and evidence for mapping to the correct mRNA isoforms are
illustrated (Supplementary Fig. 1a, b). b, RPF density near the ends of ORFs,
combining data from all quantified genes. Plotted are RPF 59 termini, as
reads per million reads mapping to genes (rpM). Illustrated below the graph
are the inferred ribosome positions corresponding to peak RPF densities, at
which the start codon was in the P site (left) and the stop codon was in the A
site (right). The offset between the 59 terminus of an RPF and the first

nucleotide in the human ribosome A site was typically 15 nucleotides (nt).
c, Density of RPFs and mRNA-Seq tags near the ends of ORFs in HeLa cells.
RPF density is plotted as in panel b, except positions are shifted 115
nucleotides to reflect the position of the first nucleotide in the ribosome A
site. Composite data are shown for $600-nucleotide ORFs that passed our
threshold for quantification ($100 RPFs and $100 mRNA-Seq tags).
d, Fraction of RPFs and mRNA-Seq tags mapping to each of the three codon
nucleotides in panel c.
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by expression level, which enabled inclusion of data from 11,000
distinct genes that ranged broadly in expression (more than 1,000-
fold difference between the first and last bins), confirmed that
miRNAs do not repress their lowly expressed targets more potently
than they do their more highly expressed targets (Supplementary
Fig. 3).

As these results indicated that restricting analyses to mRNAs with
higher expression, by requiring either a minimal read count or a
proteomics-detected protein, did not somehow distort the picture
of miRNA targeting and repression, we focused on the mRNAs with
at least one 39UTR site and for which the proteomics detected a
substantial change at the protein level. These sets of mRNAs were
called ‘proteomics-supported targets’ because they were expected to
be highly enriched in direct targets of the miRNAs. Indeed, they
responded more robustly to the introduction or ablation of cognate
miRNAs (Fig. 2a–c; P , 1025 for each comparison to proteomics-
detected genes with sites). Because some 7–8-nucleotide seed-
matched sites do not confer repression by the corresponding
miRNA2,22, the proteomics-supported targets, which excluded most
messages with non-functional sites, were the most informative for
subsequent analyses.

Modest influence on translational efficiency

We next examined whether our results supported the translation-
repression scenario, in which translation is repressed without a sub-
stantial mRNA decrease. In the characterized examples in which
miRNAs direct translation inhibition, repression is reported to occur
through either reduced translation initiation23–25 or increased ribosome

drop-off26. Both of these mechanisms would lead to fewer ribosomes on
target mRNAs and thus fewer RPFs from these mRNAs after account-
ing for changes in mRNA levels. To detect this effect, we accounted for
changes in mRNA levels by incorporating the mRNA-Seq results. For
example, for each quantified gene in the miR-155 experiment, we
divided the change in RPFs by the change in mRNA-Seq tags (that is,
we subtracted the log2-fold changes). This calculation removed the
component of the RPF change attributable to miRNA-dependent
changes in poly(A) mRNA, leaving the residual change as the com-
ponent attributable to a change in ribosome density, which we inter-
pret as a change in ‘translational efficiency19’.

We observed a statistically significant decrease in translational
efficiency for messages with miR-155 sites compared to those with-
out, indicating that miRNA targeting leads to fewer ribosomes on
target mRNAs that have not yet lost their poly(A)-tail and become
destabilized (Fig. 2d, P 5 0.003, K–S test). This decrease, however,
was very modest. Even these proteomics-supported targets under-
went only a 7% decrease in translational efficiency (–0.11 log2-fold
change, Fig. 2d, inset), compared to a 33% decrease in polyadeny-
lated mRNA (–0.59 log2-fold change, Fig. 2a). Analogous results were
obtained for the miR-1 and miR-223 experiments (Fig. 2e, f;
P 5 0.001, P 5 0.05, respectively). Thus, for both ectopic and endo-
genous regulatory interactions, only a small fraction of repression
observed by ribosome profiling (11–16%) was attributable to
reduced translational efficiency. At least 84% of the repression was
attributable instead to decreased mRNA levels, a percentage some-
what greater than the ,75% reported from array analyses of ectopic
interactions18.
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Figure 2 | MicroRNAs downregulated gene expression mostly through
mRNA destabilization, with a small effect on translational efficiency.
a, Cumulative distributions of mRNA-Seq changes (left) and RPF changes
(right) after introducing miR-155. Plotted are distributions for the genes
with $1 miR-155 39UTR site (blue), the subset of these genes detected in the
pSILAC experiment (proteomics-detected, red), the subset of the
proteomics-detected genes with proteins responding with log2-fold change
#–0.3 (proteomics-supported, green), and the control genes, which lacked
miR-155 sites throughout their mRNAs (no site, black). The number of
genes in each category is indicated in parentheses. b, Cumulative
distributions of mRNA-Seq changes (left) and RPF changes (right) after
introducing miR-1. Otherwise, as in panel a. c, Cumulative distributions of
mRNA-Seq changes (left) and RPF changes (right) after deleting mir-223.

Otherwise, as in panel a, with proteomics-supported genes referring to genes
with proteins that responded with log2-fold change $0.3 in the SILAC
experiment. d, Cumulative distributions of translational efficiency changes
for the polyadenylated mRNA that remained after introducing miR-155. For
each gene, the translational efficiency change was calculated by normalizing
the RPF change by the mRNA-Seq change. For each distribution, the mean
log2-fold change (6standard error) is shown (inset). e, Cumulative
distributions of translational efficiency changes for the polyadenylated
mRNA that remained after introducing miR-1. Otherwise, as in panel
d. f, Cumulative distributions of translational efficiency changes for the
polyadenylated mRNA that remained after deleting mir-223. Otherwise, as
in panel d.
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Analyses described thus far focused on messages with at least one
39UTR site to the cognate miRNA, without considering whether the
site was conserved in orthologous UTRs of other animals. When we
focused on evolutionarily conserved sites1, the results were similar
but noisier because the conserved sites, although more efficacious,
were 3–13-fold less abundant (Supplementary Fig. 4). When chan-
ging the focus to messages with sites only in the ORFs, the results were
also similar but again noisier because sites in the open reading frames
are less efficacious16,17,22, which led to ,70% fewer genes classified as
proteomics-supported targets (Supplementary Fig. 5).

mRNA reduction consistently mirrored RPF reduction

Analyses of fold-change distributions (Fig. 2) supported the mRNA-
destabilization scenario for most targets, but still allowed for the
possibility that the translational-repression scenario might apply to
a small subset of targets. To search for evidence for a set of unusual
targets undergoing translational repression without substantial
mRNA destabilization, we compared the mRNA and ribosome-
profiling changes for the 5,103 quantifiable genes from the miR-155
experiment. Correlation between the two types of responses was
strong for the messages with miR-155 sites, and particularly for those
that were proteomics-supported targets (Fig. 3a, R2 5 0.49 and 0.63,
respectively). A strong correlation was also observed for genes
considered only after relaxing the expression cut-offs (Supplemen-
tary Fig. 6a). Any scatter that might have indicated that a few genes
undergo translational repression without substantial mRNA destabi-
lization strongly resembled the scatter observed in parallel analysis of
genes without sites (Fig. 3b). The same was observed for the miR-1
experiment, but in this case the correlations were even stronger
(R2 5 0.72 and 0.80, respectively), presumably because the increased
response to the miRNA led to a correspondingly reduced contribution
of experimental noise (Fig. 3c, d; Supplementary Fig. 6b). The same
was also observed for the miR-223 experiment, with weaker correla-
tions (R2 5 0.26 and 0.40, respectively) attributable to the reduced
response to the miRNA and a correspondingly increased contribution
of experimental noise (Fig. 3e, f). Supporting this interpretation, sys-
tematically increasing expression cut-offs, which retained data with
progressively lower noise from stochastic counting fluctuations, pro-
gressively increased the correlation between RPF and mRNA-Seq
changes (Supplementary Fig. 6c). We also examined messages with
multiple sites to the cognate miRNA and found that they behaved no
differently with regard to the relationship between mRNA-Seq and
RPF changes (Supplementary Fig. 7). In summary, we found no evid-
ence that countered the conclusion that miRNAs act predominantly to
reduce mRNA levels of nearly all, if not all, targets.

Uniform changes along the ORF length

If miRNA targeting causes ribosomes to drop off the message after
translating a substantial fraction of the ORF, then the RPF changes
summed over the length of the ORF might underestimate the reduced
production of full-length protein. Therefore, we re-examined the
ribosome profiling data, which determines the location of ribosomes
along the length of the mRNAs, thereby providing transcriptome-
wide information that could detect ribosome drop-off. For highly
expressed genes targeted in their 39UTRs (e.g, TAGLN2 in the miR-
1 experiment; Supplementary Fig. 8a), downregulation at the mRNA
and ribosome levels was observed along the length of the ORF. In
order to extend this analysis to genes with more moderate expression,
we examined composite ORFs representing proteomics-supported
targets and compared these to composite ORFs representing genes
without sites. When miR-155 targets were compared to genes without
sites, fewer mRNA-Seq tags were observed across the length of the
composite ORF (Fig. 4a). RPFs tended to be further reduced
(P 5 0.007, one-tailed Mann–Whitney test), but without a systematic
change in the magnitude of this additional reduction across the length
of the ORF (P 5 0.95, two-tailed analysis of covariance (ANCOVA)
test). Because ribosome drop-off would decrease the ribosome occu-
pancy less at the beginning of the ORF than at the end, whereas
inhibiting translation initiation would not, the observed uniform
reduction supported mechanisms in which initiation was inhibited.
Analogous results were observed in the miR-1 experiment (Fig. 4b;
P 5 0.002, for further reduction in RPFs; P 5 0.85 for systematic
change across the ORF). Evidence for drop-off was also not observed
in the miR-223 experiment, although a change in translational effi-
ciency was difficult to detect in this analysis, presumably because
the miRNA-mediated changes were lower in magnitude (Fig. 4c).
The same conclusions were drawn from analyses in which we first
normalized for ORF length (Supplementary Fig. 9).

Implications for the mechanism of repression

For both ectopic and endogenous miRNA targeting interactions, the
molecular consequences of miRNA regulation were most consistent
with the mRNA-destabilization scenario. Although acquiring similar
data on cell types beyond the two examined here will be important,
we have no reason to doubt that our conclusion will apply broadly to
the vast majority of miRNA targeting interactions. If indeed general,
this conclusion will be welcome news to biologists wanting to mea-
sure the ultimate impact of miRNAs on their direct regulatory tar-
gets. Because the quantitative effects on translating ribosomes so
closely mirrored the decreases in polyadenylated mRNA, the impact
on protein production can be closely approximated using mRNA
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Figure 3 | Ribosome changes from miRNA targeting corresponded to
mRNA changes. a, Correspondence between ribosome (RPF) and mRNA
(mRNA-Seq) changes after introducing miR-155, plotting data for the 707
quantified genes with at least one miR-155 39UTR site (blue circles).
Proteomics-detected targets and proteomics-supported targets are
highlighted (pink diamonds and green crosses, respectively). Expected
standard deviations (error bars) were calculated based on the number of
reads obtained per gene and assuming random counting statistics. The R2

derived from Pearson’s correlation of all data are indicated.
b, Correspondence between ribosome and mRNA changes after introducing
miR-155, plotting data for 707 genes randomly selected from the 3,186
quantified genes lacking a miR-155 site anywhere in the mRNA. Otherwise,
as in panel a. c, d, As in panels a and b, but plotting results for the miR-1
experiment. e, f, As in panels a and b, but plotting results for the miR-223
experiment.
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arrays or mRNA-Seq. Our results might also provide insight into the
question of why some targets are more responsive to miRNAs than
others; in the destabilization scenario, otherwise long-lived messages
might undergo comparatively more destabilization than would con-
stitutively short-lived ones.

Translation repression and mRNA destabilization are sometimes
coupled27, which raises the possibility that the miRNA-mediated
mRNA destabilization might be a consequence of translational repres-
sion. If so, a greater fraction of the repression might be attributable to
decreased translational efficiency if the effects were analysed sooner
after introducing a miRNA. However, the fraction attributable to
decreased translational efficiency remained small when repeating
the analysis using samples from 12 h (rather than 32 h) after intro-
ducing miR-155 or miR-1 (Supplementary Fig. 10 and Supplemen-
tary Table 2). Although these results at earlier time points cannot rule
out rapid destabilization as a consequence of translational repression,
our results revealing such small decreases in translational efficiency
for target mRNAs strongly imply that even if destabilization were
secondary to translational repression, it would be this destabilization
(that is, the reduced availability of mRNA for subsequent rounds of
translation) that would exert the greatest impact on protein produc-
tion. Moreover, miRNA-mediated mRNA de-adenylation, which is
the best-characterized mechanism of miRNA-mediated mRNA desta-
bilization, can occur with or without translation of an ORF10,13,15,28,
which suggests that the miRNA-mediated destabilization does not
result from translational repression and indicates that translational
repression could occur after the initial de-adenylation signal. Perhaps
the miRNA-induced poly(A)-tail interactions that eventually trigger
de-adenylation also cause the closed circular form of the mRNA to
open up, thereby inhibiting translation initiation. This inhibition
would occur before de-adenylation is complete, as polyadenylated
mRNAs seem to be translationally repressed (Fig. 2d–f).

Another consideration is that, as done previously16–18, we equated
mRNA destabilization to the loss of polyadenylated mRNA. Thus,
transcripts that have lost their poly(A) tails might still be present but
underrepresented in our mRNA-Seq of poly(A)-selected mRNA. In
certain cell types, most notably oocytes, such transcripts can be stable
and eventually be tailed by a cytoplasmic polyadenylation complex
to become translationally competent29. In the typical somatic cell,
however, de-adenylated transcripts are not translated and are instead
rapidly de-capped and/or degraded. Thus, our consideration of de-
adenylated transcripts as operational and functional equivalents of
degraded transcripts seems appropriate. One possibility, though, is
that mRNAs that were de-adenylated while being translated will yield
some RPFs from ribosomes that initiated when the poly(A) tails were
intact but will not yield mRNA-Seq tags. However, a narrowing of

the differences between changes in RPFs and mRNA-Seq tags
through this process is expected to have been very small, since the
vast majority of RPFs should derive from mRNAs with poly(A) tails.

A way that our results might still be reconciled with the translation-
repression scenario would be if ribosome profiling missed the bulk of
translation repression because translation was repressed without
reducing the density of ribosomes on the targeted messages, that is,
if reduced initiation was coupled with correspondingly slower elonga-
tion. However, direct evidence for slower elongation has not been
reported in any miRNA studies, and it seems unlikely that decreases
in initiation and elongation rates would so frequently be so closely
matched so as to yield such minor differences in apparent translational
efficiency for so many messages. Moreover, translational repression
without changes in ribosome density would cause the changes mea-
sured by proteomics to exceed those measured by ribosome profiling.
The same would hold for cotranslational degradation of nascent poly-
peptides, another proposed mechanism for miRNA-mediated repres-
sion7,30. Arguing strongly against both of these possibilities, we found
that changes measured by proteomics were not greater than those
measured by ribosome profiling (Supplementary Fig. 11).

Although the changes we observed in translational efficiency were
consistent with slightly reduced translation of the targeted messages,
such changes could also occur without any miRNA-mediated trans-
lational repression. If some fraction of the polyadenylated mRNA was
in a cellular compartment sequestered away from the compartment
containing both miRNAs and ribosomes, then preferential destabiliza-
tion of the mRNA in the miRNA/ribosome compartment would lead
to an observed decrease in translational efficiency without a need to
invoke translational repression. For example, to the extent that mature
mRNAs awaiting transport to the cytoplasm reside in the nucleus
where they presumably would not be subject to either miRNA-
mediated destabilization or translation, the reduction of mRNA-Seq
tags would not match the reduction of RPFs, and the more pronounced
RPF reduction would indicate decreased ribosome density even in the
absence of translational repression. Heterologous reporter mRNAs,
some of which have lent support to the translational-repression
scenario, might be particularly prone to nuclear accumulation. With
this consideration in mind, the observed miRNA-dependent reduc-
tions in translational efficiency might be considered upper limits on the
magnitude of translational repression.

Although we cannot determine the precise amount of miRNA-
mediated translational repression, we can reliably say that the per-
vasive and dominant miRNA-mediated translational repression with
persistence of repressed mRNAs, which had been widely anticipated,
has not materialized. Instead, the outcome of regulation is predomi-
nantly mRNA destabilization, as first suggested by analyses of
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Figure 4 | Ribosome and mRNA changes were uniform along the length of
the ORFs. a, Ribosome and mRNA changes along the length of ORFs after
introducing miR-155. mRNA segments of quantified genes were binned
based on their distance from the first nucleotide of the start codon, with the
boundaries of the segments chosen such that each bin contained the same
number of nucleotides (Supplementary Fig. 8b). Binning was done
separately for mRNAs with no miR-155 site and proteomics-supported miR-
155 targets. Fold changes in RPFs and mRNA-Seq tags mapping to each bin
were then plotted with respect to the median distance of the central
nucleotide of each segment from the first nucleotide of the start codon.

Changes in RPFs and mRNA-Seq tags for mRNAs with no site (grey and
black, respectively) and for proteomics-supported targets (light and dark
green, respectively) are shown. Only bins with read contribution from $20
genes are shown (see Supplementary Fig. 8b). The ANCOVA test for
systematic change across the ORF length was performed by first calculating
the differences between RPF changes and mRNA-Seq changes for each group
of genes, fitting lines through these changes in translational efficiency, then
testing for a difference between the resulting slopes. b, As in panel a, but
plotting results for the miR-1 experiment. c, As in panel a, but plotting
results for the miR-223 experiment.
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proteomic data16. We cannot rule out a few interactions for which
there is substantial translational repression with little or no mRNA
destabilization, but if these exist, they would be rare outliers. For such
outliers, miRNAs might be working in concert with other mRNA-
binding factors such that the action of the other factors depends on
miRNA binding. Such outliers with readily detectable translational
repression would be the most attractive subjects of mechanistic
studies. The mechanism of translational repression might differ for
different messages, depending on the identity of the cooperating
factors, perhaps helping to explain the diversity of reported mechan-
isms by which miRNAs translationally repress their targets31.
Understanding these potential elaborations of miRNA-mediated
repression would be important, as is a more thorough mechanistic
understanding of the predominant reason for reduced protein out-
put, which is mRNA destabilization.

METHODS SUMMARY
HeLa cells were transfected with 100 nM miRNA duplex as described17 and

harvested 12 and 32 h later. Haematopoietic progenitors were isolated from

wild-type (WT) and mir-223 knockout (KO) male mice and grown in media

containing granulocyte colony-stimulating factor (G-CSF) and stem cell factor

(SCF) as described16 for 6 days before harvesting. Just before harvesting, trans-

lation was arrested using cycloheximide for 8 min at 37 uC. Harvested cells were

partitioned into two portions, one for ribosome profiling and the other for

mRNA profiling. Ribosome profiling was performed as outlined in Fig. 1a.

For mRNA profiling, poly(A)1 mRNA was randomly fragmented by partial

alkaline hydrolysis and size-selected RNA fragments were used to construct

libraries for high-throughput sequencing. An iterative mapping strategy was
adopted to obtain genome-matching and splice junction-spanning sequencing

reads. A set of non-redundant transcripts served as our reference transcript

database, which was used to map splice junction-spanning reads, quantify gene

expression, and quantify RPF and mRNA-Seq changes.

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
Transfections and neutrophil culture. HeLa cells were transfected with 100 nM

miRNA duplex as described17. At 12 h and 32 h post-transfection, cycloheximide

(100mg ml21) was added to arrest translation, and after incubating 8 min at

37 uC, cells were harvested in ice-cold PBS supplemented with cycloheximide.

For each transfection, cells from six 6-cm dishes were combined and then split

into two portions, one for mRNA profiling and the other for ribosome profiling.

Haematopoietic progenitors were isolated from two 3-month-old WT male mice

and two 3-month-old mir-223 KO male mice and grown in Iscove’s modified

Dulbecco’s medium (IMDM) containing granulocyte colony-stimulating factor
(G-CSF) and stem cell factor (SCF) as described16. On day 6, cycloheximide

(100mg ml21) was added to arrest translation. After incubating 8 min at 37 uC,

cells were harvested in ice-cold PBS supplemented with cycloheximide and split

into two portions for mRNA profiling and ribosome profiling.

Ribosome footprinting and RPF purification. Cells were pelleted and resus-

pended in ice-cold lysis buffer (10 mM Tris-HCl, pH 7.4, 5 mM MgCl2, 100 mM

KCl, 1% Triton X-100, 2 mM dithiothreitol (DTT), 100mg ml21 cycloheximide,

500 U ml21 RNasin, 13 complete protease inhibitor). The lysis mixture was

homogenized six times with a 26-gauge needle at 4 uC and centrifuged at

1,300g for 8 min. The supernatant was snap-frozen for later use or processed

immediately. RNase I (Ambion, final concentration, 0.5–1.0 Uml21) was added

to the cell extract, and the reaction was incubated for 30 min on a shaker at room

temperature (,25 uC). Digested extracts were layered onto 11-ml 10–50% linear

sucrose gradients that were prepared by horizontal diffusion and centrifuged in

an SW-41Ti rotor at 36,000 r.p.m. for 2 h. Gradients were fractionated by

upward displacement with 60% sucrose on a gradient fractionator (Brandel).

Monosome fractions were pooled, concentrated using Ultra-4 centrifugal filters

with Ultracel-100 membranes (Amicon) by centrifuging at 1,900g for 30 min at
4 uC. Ice-cold release buffer (20 mM HEPES-KOH, 100 mM KCl, 1 mM EDTA,

2 mM DTT, 20 U ml21 SUPERaseNIn, Ambion) was then added to the retentate,

and the mixture was incubated on ice for 10 min to release mRNA fragments

from ribosomal subunits, after which the mixture was again centrifuged at 1,900g

for 15 min at 4 uC. The filtrate was then supplemented with SDS to 1% and

treated with proteinase K (200mg ml21) for 30 min at 42 uC. RNA was extracted

with acid phenol:chloroform (pH 4.5, Ambion), ethanol-precipitated and resus-

pended in water. Pilot experiments, using nuclease-protection assays like those

performed for yeast samples19, showed that the lengths of mammalian RPFs

centred at ,30 nucleotides. Therefore, RPFs were gel-purified on a denaturing

10% polyacrylamide-urea gel, excising the region corresponding to 27–33

nucleotides, with the intent of avoiding abundant ribosomal RNA degradation

fragments that were 26 and 35 nucleotides in length.

mRNA fragmentation and microarrays. Total RNA was isolated using TRI

Reagent (Ambion) and poly(A)1 mRNA was isolated using oligo(dT)

DynaBeads (Invitrogen) according to manufacturers’ instructions. Alkaline frag-

mentation buffer (2 mM EDTA, 10 mM Na2CO3, 90 mM NaHCO3, pH < 9.3)

was added to an equal volume of the purified mRNA and the reaction incubated
for 20 min at 95 uC. Ice-cold stop solution (final 0.3 M NaOAc, pH 5.2, with

GlycoBlue co-precipitant, Ambion) was then added, and RNA was ethanol-

precipitated. RNA fragments from ,25–45 nucleotides were gel-purified on a

denaturing 10% polyacrylamide–urea gel. Each sample of total RNA was also

analysed by microarray profiling, using the Affymetrix platform: Human

Genome U133 Plus 2.0 Array, or Mouse Genome 430 2.0 Array.

Small-RNA library preparation. Libraries for Illumina sequencing were prepared

as described32 but with the following modifications. Because RPFs and alkaline

fragmentation products terminate with a 59-hydroxyl and a 39-phosphate, they

were 39-dephosphorylated with polynucleotide kinase (PNK, New England

Biolabs) for 6 h at 37 uC in dephosphorylation buffer (100 mM MES-NaOH,

pH 5.5, 10 mM MgCl2, 10 mM b-mercaptoethanol, 300 mM NaCl, 0.5 Uml21

enzyme) and desalted (Microspin G-25 column, Amersham) before ligation to

the 39 adaptor. Gel-purified 39-ligation products were then 59-phosphorylated

with PNK, according to manufacturer’s instructions, before the 59-ligation step.

Despite steps taken to minimize ribosomal RNA contamination, our ribosome-

profiling libraries were initially contaminated by high levels of rRNA (ranging

from 60–93%). To enrich for RPFs, DNA from each library was amplified for an

additional six cycles and then gel-purified on a 90% formamide, 8% acrylamide

denaturing gel. With this additional step, ribosomal RNA contamination was

reduced to 40–54%.

Sequence analyses. Illumina sequencing reads were mapped to the reference

genome (hg18 for human, mm9 for mouse) with the Bowtie short-read mapping

program33 using the first 25 nucleotides as the ‘seed’ region. Reads with multiple

equivalent hits to the genome were discarded, as were reads that mapped to

ribosomal RNA and other annotated noncoding RNAs. To allow for a miscalled

residue within the seed region, reads that had failed to map when allowed no seed

mismatches were fed into Bowtie again, this time allowing for one seed mis-

match. To capture reads uniquely spanning splice junctions, reads that failed to

map to the genome were mapped to a set of reference transcripts, using the same

two-stage iterative mapping and again discarding those with multiple equivalent

hits. These uniquely transcript-matching reads were combined with the genome-

matching reads for subsequent analyses. To compile the set of reference transcripts

we started from only curated coding transcripts (entries with NM accession num-

bers) in the RefSeq database (refFlat files, generated on 9 August, 2009, were

downloaded from the UCSC Genome Browser, http://genome.ucsc.edu). Of

these, transcripts with incomplete coding sequences or those that could be poten-

tial substrates of nonsense-mediated decay were filtered out. If a gene had multiple

isoforms remaining after this filtering, the longest isoform was picked to represent

it. This non-redundant set of mRNAs from unique genes then served as our

reference transcript database. Reads of ambiguous origin, such as a read that could

derive from either of two different overlapping genes, were discarded. Of the

remaining reads, those that could be unambiguously assigned to an exon or intron

from a gene represented in our reference transcript database were attributed

to that gene. The reference transcript databases for both human and mouse will

be available for anonymous download at http://web.wi.mit.edu/bartel/pub/

publication.html.

Quantification of gene expression. A modified version of reads per kilobase

exon model per million mapped reads (rpkM) was used to quantify gene expres-

sion. The original rpkM, developed for RNA-Seq34, was calculated as such:

R 5 (109 3 C/NL), where C is the number of mapped reads in a gene’s exons,

N is the total number of reads mapped (library size), and L is the length of the

sum of the exons in nucleotides. To prevent ribosomal RNA contamination in

the RPF libraries from skewing our measurements of gene expression, the library

size was taken to be the total number of reads mapping to all the exons and

introns of our reference transcript database (N9). Because we were interested in

comparing mRNA-level and translation-level expression, the length of the open

reading frame was taken to be the feature length of each gene (L9) and we only

included reads mapping to coding exons (C9) in our quantification. Hence,

rpkM in this study refers to R9 5 (109 3 C9/N9L9). Fold changes were calculated

by dividing the normalized gene expression value in the experimental condition

by the same measure in the control condition. For the cumulative-distribution

plots, the median of the distribution of genes without seed matches (no site) was

subtracted from all the fold changes (including those from messages with sites).

This normalization caused our reported fold-change distributions of the genes

without sites to centre on zero. Thresholds for gene quantification, when applied,

were applied to the mock transfection data set or the mir-223 KO data set.

32. Grimson, A. et al. Early origins and evolution of microRNAs and Piwi-interacting
RNAs in animals. Nature 455, 1193–1197 (2008).
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efficient alignment of short DNA sequences to the human genome. Genome Biol.
10, R25 (2009).
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Scale-free structural organization of oxygen
interstitials in La2CuO41y

Michela Fratini1{, Nicola Poccia1, Alessandro Ricci1, Gaetano Campi1,2, Manfred Burghammer3, Gabriel Aeppli4

& Antonio Bianconi1

It is well known that the microstructures of the transition-metal
oxides1–3, including the high-transition-temperature (high-Tc) cop-
per oxide superconductors4–7, are complex. This is particularly so
when there are oxygen interstitials or vacancies8, which influence
the bulk properties. For example, the oxygen interstitials in the
spacer layers separating the superconducting CuO2 planes undergo
ordering phenomena in Sr2O11yCuO2 (ref. 9), YBa2Cu3O61y (ref. 10)
and La2CuO41y (refs 11–15) that induce enhancements in the trans-
ition temperatures with no changes in hole concentrations. It is also
known that complex systems often have a scale-invariant structural
organization16, but hitherto none had been found in high-Tc materi-
als. Here we report that the ordering of oxygen interstitials in the
La2O21y spacer layers of La2CuO41y high-Tc superconductors is
characterized by a fractal distribution up to a maximum limiting
size of 400 mm. Intriguingly, these fractal distributions of dopants
seem to enhance superconductivity at high temperature.

To make progress in the engineering and science of multiscale
phase separation, visualization is essential. Momentum-space probes
such as X-ray diffraction (XRD), angle-resolved photoelectron spec-
troscopy and inelastic neutron scattering are excellent for character-
izing order and coherent excitations but are highly ambiguous when
different phases coexist. Therefore, to image micrometre-scale lattice
fluctuations in high-temperature superconductors due to the order-
ing of oxygen interstitials (i-O), we have used scanning synchrotron-
radiation X-ray microdiffraction (mXRD)17–19, which combines high
wavenumber resolution with micrometre-scale spatial resolution,
made possible by twin revolutions in X-ray optics and electron-accel-
erator-based X-ray sources. The technique examines the same bulk,
showing interesting material functionalities such as superconduct-
ivity, but also gives a wavelet20 mixed real- and reciprocal-space
representation of the sample, where the nanostructure associated
with short- and medium-range oxygen order is captured by means
of diffraction and the microstructure is recorded in real space.

Optimally doped La2CuO41y is ideal for the investigation of
intrinsic multiscale heterogeneity in copper oxides because the i-O
are mobile8 in the La2O21y layers intercalated between the super-
conducting CuO2 planes, forming a superlattice with the largest
misfit strain in the copper oxides21,22. Therefore, the order parameters
associated with mobile i-O in the spacer layers maintaining charge
neutrality are expected to track the microscale phase separation in the
CuO2 planes. In the optimum doping range, 0.1 , y , 0.12, a single
Tc 5 40 K superconducting phase appears but many experi-
ments11–15,23,24 indicate a complex magnetic, electronic and structural
phase separation. Annealing the sample at 370 K, where i-O does not
escape from the sample, followed by quenching below 200 K, yields a
mixed state, displaying two critical temperatures11,12, 32 , Tc1 , 36 K
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Figure 1 | Mixed real- and reciprocal-space images of dopant ordering. a, The
X-ray microdiffraction apparatus is located at the European Synchrotron
Radiation Facility (ESRF) and features an electron undulator providing
12–13-keV X-rays to crystal optics followed by a tapered glass capillary, which
produces a 1-mm2 beam spot at the sample. A charge-coupled area detector
(CCD; right hand side) records the X-rays scattered by the sample. The
intensity, I(Q2), of the superstructure satellites due to the Q2 ordering of
oxygen interstitials in the La2CuO4.1 crystal is integrated over square subareas
of the images recorded by the CCD detector in reciprocal-lattice units (r.l.u.)
and then normalized to the intensity (I0) of the tail of the main crystalline
reflections at each point (x, y) of the sample reached by the translator.
b, Incommensurate order is highly inhomogeneous, even for an optimal
(Tc 5 40 K) superconducting sample of La2CuO4.1. The intensities of the
superstructure satellites are presented on a logarithmic scale as a false-colour
image. The scale bar corresponds to 100mm. The intense red–yellow peaks in
the two-dimensional colour map represent locations in the sample with high
strength of the three-dimensional i-O ordering, and dark blue indicates spots
of disordered i-O domains. The scanning images show few regions with intense
satellite mXRD reflections and many regions with weak satellite mXRD
reflections. c, Real-space view of the ordered domains that give rise to the Q2
superstructure imaged on the CCD detector. It highlights the i-O ions (blue
dots) in the c–b plane of the Fmmm crystal structure of La2CuO4. The i-O
located at the (1/4, 1/4, 1/4) site in the La2O21y spacer layers pair to form linear
stripes in the orthorhombic a direction with a period of nearly four lattice units
along the b axis in the a–b plane. The stripes alternate in different layers with a
c-axis periodicity of two lattice units. The red octahedra indicate the CuO6

octahedral coordination units in the CuO2 plane.
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and Tc2 5 16 K; we therefore call this state the Tc 5 16132 K phase.
The mixed state has been thought to originate from the coexistence of
regions with the same average doping level but with two different
orderings of the dopants, with some unknown i-O self-organization;
also, no information is available on the relation between this
unknown superstructure and the high-temperature superconducting
phase.

Our single-crystal samples of La2CuO41y are cleaved with their
surfaces parallel to the CuO2 planes and then mounted on the x–y
translator of the mXRD instrument (Fig. 1a). The main XRD reflec-
tions of the single crystal (orthorhombic Fmmm space group) show no
splitting or spatial spot-to-spot change. The reciprocal-space image
recorded by the CCD on the right in Fig. 1a reveals the known satellite
peaks, associated with the three-dimensional Q2 superstructure of the
ordered i-O dopants14,15, displaced from the main crystal reflections by
the wavevector q2 with components 6Dl 5 (0.497 6 0.005)c*,
6Dk 5 (0.247 6 0.003)b* and 6Dh 5 (0.087 6 0.004)a*, where a*,
b* and c* are the reciprocal-lattice units; there is also a strong second
harmonic displaced by 2q2.

Mapping the x–y position dependence of the integrated satellite
peak intensity (Fig. 1b) provides our key experimental discovery,
namely that on the micrometre scale probed, the i-O order with
nanometre-scale wavelength in real space (Fig. 1c), which is respons-
ible for the satellite peaks, is highly inhomogeneous, even for an
optimal (Tc 5 40 K) superconducting sample of La2CuO4.1.

The micrometre-scale inhomogeneity depends on the sample pre-
paration history, which also controls the superconducting properties.
In fact, the x–y position dependence of the Q2 superstructure intensity
for two typical samples with Tc 5 40 K (Fig. 2a) and Tc 5 16132 K

(Fig. 2b), respectively, is quite different. We quantify the difference by
looking at the distribution of intensities as well as the distance-depend-
ent intensity correlations. The probability distribution (Fig. 2c) of
XRD intensities shows a fat tail above the average Q2 intensity, ÆIæ,
extending to intensities 20 times larger than the average intensity. In
this range, the data show a clear power-law distribution according to
standard statistical physics criteria25. The difference between the
probability distributions of the two sets of samples is also obvious
from fitting the data using a power law P(x) / x2aexp(2x/x0). The
outcome is that the power-law exponent, a, is always indistinguishable
from 2.6 and that the cut-off, x0, is less than 10 for the Tc 5 16132 K
materials and greater than 10 for the high-Tc (40 K) materials.

The spatial intensity correlation function, G(r) (Fig. 2d), where
r 5 jRi 2 Rjj is the distance between x–y positions Rk on the sample,
as in Fig. 2a, b, does not exhibit exponential behaviour but follows a
power law with a cut-off, as expected, near a critical point: G(r) /
r2gexp(2r/j), with g 5 0.3 6 0.1 for all five samples. The correlation
length, j, increases with increasing ÆIæ, varying between 50 and
250 mm for the Tc 5 16132 K samples and taking the respective
values 400 6 30 mm and 350 6 30 mm for the two Tc 5 40 K samples.

The results for both the intensity distribution and the two-point
correlation function show that the unexpected fractal nature, assoc-
iated with the measured power laws, of i-O ordering is robust,
approaching a pure scale-free distribution in the sample with higher
critical temperature. A decade of work at the Elettra storage ring in
Trieste shows that thermal treatments (Fig. 3) can control the i-O
self-assembly and detailed superconducting properties while main-
taining constant oxygen content. In particular, the probability of
ordered i-O domains can be suppressed by annealing at 350–380 K
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Figure 2 | Scale-free fractal distribution and power-law statistical analysis
of ordered i-O domains. a, b, The position dependence of the Q2
superstructure intensity I(Q2)/I0 for two typical samples obtained by
following different annealing–quenching protocols, resulting in Tc 5 40 K
(a) and Tc 5 16132 K (b) phases. Visual inspection of a and b shows that the
spikes corresponding to ordered microdomains are more isolated for the
more disordered sample with lower Tc than for the high-Tc sample,
indicating that the nucleation and growth of Q2 regions proceeds to smaller
length scales for shorter annealing times. c, The probability distribution,
P(x), of the Q2 XRD intensity x 5 I(Q2)/I0 scales at sufficiently high
intensity as a power-law distribution with exponential cut-off x0. The data
are fitted by the function described in the text. The fitted power-law

exponent is given by a 5 2.6 6 0.2 independently of the sample critical
temperature, and the cut-off increases from 7 , x0 , 9 for the Tc 5 16132 K
samples to 28 , x0 , 33 for the Tc 5 40 K samples. In the plot, we show that
the P(x) distributions, when properly rescaled, collapse on the same
universal curve (solid line). d, Spatial correlation function, G(r), where
r 5 | Ri 2 Rj | , calculated (Supplementary Information) for the intensities at
the spots Rk mapped in a and b. The spatial correlation function does not
have the standard exponential behaviour but instead obeys a power law,
G(r) / r2gexp(2r/j), with cut-off j, as expected, near a critical point (see
text for details). The correlation length, j, increases with increasing ÆIæ, and
in the illustrated cases for Tc 5 16132 K and 40 K has respective values
180 6 30mm and 400 6 30mm.
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and enhanced by annealing at 200–300 K. After quenching the sample
from 370 K to 300 K and keeping the temperature constant at 300 K,
the Q2 XRD signal, spatially averaged over the full sample surface,
increases rapidly as a function of time in the first few days, after which
it increases slowly over very much longer durations. The supercon-
ducting transitions of samples with different levels of average ordered
Q2 volume have been established using contactless single-coil
inductance. The data clearly demonstrate that the low-Tc (16 K)
phase disappears with the fully disordered i-O produced after anneal-
ing above 370 K followed by rapid quenching. Modest annealing at
200–300 K induces weak Q2 XRD superstructure spots and an

additional superconducting signature with Tc 5 16 K. On further
annealing, the average intensity of the Q2 superstructure rises and
the Tc 5 16 K superconducting phase gains prominence. After a
very long annealing time, the integrated volume of the ordered
i-O domains increases, the Tc 5 16 K phase disappears and a single
superconducting phase with Tc 5 38–41 K finally dominates.

Our work puts the copper oxides into the same category as other
heterogeneous transition-metal oxides1,2, where a key parameter is
the misfit strain parameter of the superlattice21,22, and better super-
conductivity is associated with critical percolation of oxygen order.
Unexplained effects of disorder, photoexcitation, pressure11 and
misfit strain in high-temperature superconductors (and also pnic-
tides26) can now be explored as potentially being due to granular
fractal microstructure. The data also raise the more intriguing ques-
tion of whether the oxygen defects order on fractal networks because
the electrons that form the strange metal constitute a ‘fractal glue’,
perhaps generated as a photographic-like image of the quantum
critical charge fluctuations27 sampled during annealing (at tempera-
tures well within the non-Fermi-liquid regime). Another possibility
is that fractal defect structure promotes superconductivity, by means
of either conventional percolation or the more unconventional
mechanism of Feshbach-like shape resonances28 associated with
anisotropic superconducting gaps in granular heterostructures29.
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Precipitation-generated oscillations in open cellular
cloud fields
Graham Feingold1, Ilan Koren2, Hailong Wang3, Huiwen Xue4 & Wm. Alan Brewer1

Cloud fields adopt many different patterns that can have a pro-
found effect on the amount of sunlight reflected back to space,
with important implications for the Earth’s climate. These cloud
patterns can be observed in satellite images of the Earth and often
exhibit distinct cell-like structures associated with organized con-
vection at scales of tens of kilometres1–3. Recent evidence has shown
that atmospheric aerosol particles—through their influence on
precipitation formation—help to determine whether cloud fields
take on closed (more reflective) or open (less reflective) cellular
patterns4,5. The physical mechanisms controlling the formation
and evolution of these cells, however, are still poorly understood6,
limiting our ability to simulate realistically the effects of clouds on
global reflectance. Here we use satellite imagery and numerical
models to show how precipitating clouds produce an open cellular
cloud pattern that oscillates between different, weakly stable states.
The oscillations are a result of precipitation causing downward
motion and outflow from clouds that were previously positively
buoyant. The evaporating precipitation drives air down to the
Earth’s surface, where it diverges and collides with the outflows
of neighbouring precipitating cells. These colliding outflows form
surface convergence zones and new cloud formation. In turn, the
newly formed clouds produce precipitation and new colliding out-
flow patterns that are displaced from the previous ones. As success-
ive cycles of this kind unfold, convergence zones alternate with
divergence zones and new cloud patterns emerge to replace old
ones. The result is an oscillating, self-organized system with a char-
acteristic cell size and precipitation frequency.

For over a century, phenomena related to Rayleigh–Bénard7 con-
vection have fascinated both the scientific community and the casual
observer of natural systems. Cellular and roll-like patterns can be seen
in a host of phenomena, and at many scales, ranging from boiling
water on the kitchen stove to magmatic convection in the Earth’s
mantle. Our interest is in the vast sheets of low clouds on the west
coasts of continents that exhibit myriad, sometimes intricate, plan-
forms, which often manifest Rayleigh–Bénard convection in the form
of cellular convection at the mesoscale (a few to several hundred
kilometres)1–3. These clouds are important because they increase
the reflectance of shortwave radiation and therefore exert a cooling
effect on the climate system that is not compensated by appreciable
changes in outgoing longwave radiation8.

Laboratory experiments have shown that Rayleigh–Bénard cells
emerge as a result of convection between two horizontal surfaces
separated by a sufficiently large temperature gradient. To transfer
heat most effectively, the system self-organizes into various patterns
such as rolls, hexagonal or cellular structures. The relevant non-
dimensional number is the Rayleigh number7 Ra~agDTh3

�
(nx),

where DT is the temperature difference between surfaces, a is the
thermal expansion coefficient, g is gravitational acceleration, h is the

separation between the surfaces, n is the kinematic viscosity, and x is
the thermal diffusivity. Theory shows that convection develops when
Ra exceeds a critical value Rac (< 103).

Although fundamental buoyant processes are common to both
mesoscale cellular convection and classical Rayleigh–Bénard convec-
tion, the latter cannot explain certain characteristics of atmospheric
convection. For example, there is a disparity in the aspect ratio of cells
(,20:1 for mesoscale cellular convection versus ,3:1 for Rayleigh–
Bénard convection) due to factors such as latent heating associated
with phase changes and large-scale dynamics2,9,10. In atmospheric
convection an effective Rayleigh number is derived by replacing n
and x with their eddy counterparts so that the effective Ra < 105 for
h 5 1 km (ref. 10).

For Ra . Rac, Rayleigh–Bénard theory shows that the system can
select a range of characteristic length scales; this suggests that the
structure and dimensions of the topology may evolve in time and
space11. Exactly how a given system selects a particular subset of
permitted parameter space has been the subject of much investiga-
tion. Evolution to an optimal spatial scale can be inhibited by what
are termed contraselective factors11, one of which is the interaction
between adjacent convective cells. The interacting cells can be viewed
as elastic entities competing for space within the system. The rel-
evance to cloud systems will soon become apparent.

In accordance with theory, cloud systems driven by cooling at the
upper boundary prefer a closed cellular structure (broader, buoyant
updraught regions surrounded by narrower and stronger negatively
buoyant downdraughts); whereas those driven by surface heating
favour open cells (strong, narrow updraughts surrounding broader,
weaker downdraughts)12. Thus asymmetry in the vertical heating
(cooling) profile selects the appropriate asymmetry in the horizontal
cellular structure13.

A number of new studies, however, are pointing to the role of
precipitation in selecting the cloud pattern4–6,14. Evaporative cooling
associated with rain falling below cloud provides additional asym-
metry in the cooling profile and has been shown to select the open
rather than the closed cellular state, all else being equal15–17.

To explore the role of precipitation in transforming open cellular
cloud patterns we simulated cloud systems exhibiting open and
closed cellular states using large eddy simulation (Fig. 1). The model
solves the Navier–Stokes equations and simulates aerosol effects on
cloud microphysical processes17 (see Supplementary Information).
Distinct patterns of closed and open cells, closely mimicking satellite
observations, can be seen in the synthetic cloud albedo fields. The
simulations differ only in their initial aerosol concentrations: high
aerosol concentrations result in closed cells (non- or weakly preci-
pitating clouds) and low concentrations in open cells (precipitating
clouds). The very fact that the aerosol has the potential to control
cloud albedo and equilibrium cellular state is noteworthy18.

1NOAA Earth System Research Laboratory (ESRL), Chemical Sciences Division, Boulder, Colorado 80305, USA. 2Department of Environmental Sciences, Weizmann Institute, Rehovot
76100, Israel. 3Pacific Northwest National Laboratory, Richland, Washington 99352, USA. 4Department of Atmospheric Sciences, School of Physics, Peking University, 5 Yiheyuan
Road, Beijing 100871, China.
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The existence of precipitation provides a new and relatively un-
explored perturbation to the open cellular convective system. In the
simulations thick clouds are generated in the strong updraughts asso-
ciated with the cell walls. The Y-shaped convergence zones where adja-
cent cells connect are sites where convergence and new updraughts,
and therefore the potential for precipitation, is greatest16,17,19. With

time the precipitation generated by these thick clouds falls below the
cloud base, evaporating and cooling the air during its descent. The cool
downward current has a vertical motion of opposite sign to that in the
cloud that spawned the precipitation. The result is a negative feedback
on the system that forces divergence in the very locations that a short
while ago were regions of peak convergence. The existing cell structure
is disrupted and new open cells are born (Fig. 2a–c and Supplementary
Fig. 1). We refer to this as an oscillating cellular convective system. The
coupled oscillators20–22 are the individual precipitating regions, each of
which drives downdraughts, cold pools and surface divergence. The
coupling occurs when outflows from adjacent cells collide and form
surface convergent zones that result in updraughts. These updraughts
in turn generate thick clouds and eventually precipitation, thus repeat-
ing the cycle. This evolution manifests as a spatially varying pattern of
clouds and precipitation. Remarkably, satellite imagery, corrected for
advection by the mean wind so that spatial patterns in successive images
can be compared, also shows bright regions, associated with cloud
walls, replaced by dark, cloud-free regions, only to be replaced again
by bright clouds (Supplementary Figs 3 and 4). Ship-based lidar and
radar (light and radio detection and ranging) observations from a
recent field campaign23 augment the satellite view and provide com-
pelling evidence for the divergence/convergence processes associated
with precipitation-driven outflows that generate the oscillations
(Fig. 2d and Supplementary Information).

To clarify how precipitation disrupts steady-state cellular convec-
tion and perpetuates its own self-organizing patterns, we use a
model24 that solves the Navier–Stokes equations in two dimensions,
but with the addition of a simplified version of the precipitation
feedback. The effects of precipitation are simulated by applying a
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Figure 1 | Cloud albedo calculated from large eddy simulation of closed and
open cellular structures. The simulations differ only in the magnitude of the
initial aerosol concentrations. High aerosol concentrations favour non-
precipitating closed cells (a) while low aerosol concentrations favour
precipitating open cells (b). The brightest regions are associated with the
thickest clouds and (in the case of open cells) the precipitation-generating
zones.
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Figure 2 | Updraught and downdraught patterns illustrating surface
convergence and divergence zones in open cells. a–c, Plan views of near-
surface updraught (purple) and downdraught (green) patterns, each
separated by one hour. w is vertical velocity; positive values are updraughts
and negative values are downdraughts. Updraught regions correspond to
surface convergence, and downdraughts to surface divergence zones. Four
Y-shaped updraught patterns in a are labelled 1, 2, 3 and 4 to illustrate the
evolution of the open cellular structures from one time (times relative to the
start of the simulation) to the next (6:40 to 7:40 to 8:40). They occur at strong
convergence zones and are favoured for the strongest convection. As time

progresses (b and c), precipitation at these points changes the surface flow to
a divergent one. New cellular structures emerge from the old planform as the
cold-pool outflows interact with one another and generate new convergence
zones that in turn generate new precipitation zones. d, Vertical cross-section
of a precipitation-generated outflow and creation of a convergence zone as
observed by ship-based radar and Doppler lidar (located at range 0 km and
height 0 km). Radar reflectivity (.20 dB Z; dark red) is indicative of
significant rain. Lidar data show air flow towards (green) and away from
(yellow) the lidar. Arrows indicate the direction of flow.
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time-varying, negatively buoyant force to any strong, positively
buoyant cell for a period of time that mimics the duration of a
precipitation event. Thus if a rising parcel becomes too buoyant (that
is, produces thick cloud and the potential for rain), it suffers a penalty
and experiences a commensurate negative buoyancy for a finite
period of time, much like the system shown in Fig. 2. In Fig. 3 we
demonstrate how a system evolves from a conductive system to a
static oscillating convective system comprising fixed couplets of
updraughts and downdraughts (normalized time t between 100
and 300). The Rayleigh–Bénard system can either maintain its struc-
ture when exposed to weaker simulated precipitation perturbations
(300 , t , 600), or oscillate between states as a result of stronger
precipitation events (600 , t , 800). (See Supplementary Informa-
tion for details.)

Time-series analysis of large-eddy-simulation-derived surface pre-
cipitation rate substantiates the claim that the system represents a
coupled oscillator comprising interacting precipitating cells (Fig. 4).
The three time series in Fig. 4a derive from two different numerical
models applied to three different atmospheric soundings, each yield-
ing cells of different sizes. All time series exhibit distinct periodicity in
precipitation of the order of a half-hour to one-and-a-half hours,
with larger cell sizes associated with longer periodicity. The oscilla-
tions are further demonstrated by contours of rain rate that show a
‘gridded’ structure of rain with distinct spatial/temporal periodicity.
The precipitating cells communicate with neighbouring cells and
synchronize the onset of rain, as demonstrated in Supplementary
Fig. 2. There is also evidence that similar processes occur in deep
convective systems that exhibit self-organization22,25.

Self-organizing properties are evident in a host of natural systems
ranging from fundamental physics (for example, laser emission of
coherent light), to the life sciences (the fluid, organized movement
of a flock of birds), the Earth sciences (as in the cellular cloud example
above), and free-market economies26. The fundamental principle of
self-organization is that a system-wide order emerges from local inter-
actions or competition between system components, as exemplified in
Figs 1 and 2, and identified as contraselective factors in Rayleigh–
Bénard theory11. In the present case the local interaction occurs
between surface divergent flows associated with adjacent precipitating
cells. The novel part of this work is that the precipitation generation
and dissipation causes rearrangements between different open-cell

states, creating a level of organization that has to our knowledge not
been previously shown.

A characteristic of self-organizing systems is that they are robust26,27.
Notwithstanding the oscillations between different open-cell states
(Figs 2 and 3), the system is resilient in the sense that the open cells
do not disappear, or convert to a closed cellular state. A break in an
open-cell cloud wall means that adjacent cells metamorphose, distort
and expand into the ‘uncontested’ space (as in Fig. 2). The coupling
between existing cells is sufficient to overcome complete disruption in
the order, and provided that the precipitation does not cease through a
significant part of the domain, the order remains intact. The analogy
to networks is also noteworthy: if poorly connected nodes (interacting
cells) are damaged then the system will repair itself, whereas if strongly
connected nodes are damaged the self-organization will disappear28.

As a further comment on the robustness of these states we consider
the fact that not all precipitating stratocumulus clouds generate open
cells5 even though precipitation may be locally as strong as that
observed in open-cell conditions. The closed-cell state is also robust
and self-repairing. Our modelling suggests that it is only when pre-
cipitation becomes sufficiently strong and widespread that local out-
flows can interact with one another, compete for space and make the
transition to the open cellular state. Indeed, it has been shown that
the rate of growth of the open cells depends on the rain rate in
individual cells, as well as the spatial distribution of rain17.

In summary, precipitation adds two interesting elements to
mesoscale cellular convection. First, it provides an additional source
of asymmetry in the cooling profile that contributes to the selection
of the open-cellular state15–17. Second, it creates a hitherto undocu-
mented case of cellular convection that rearranges between different
open planforms. As old precipitation zones dissipate, new ones are
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generated through local interaction between cells. The precipitation
is synchronized and therefore characterized by periodic behaviour.
Robustness, a characteristic of self-organized systems and networks, is
demonstrated by resilience to the various perturbations experienced
by the system26. Finally, we note that aerosol particles are known to
suppress precipitation in warm clouds, and therefore indirectly play a
pivotal role in controlling marine boundary layer cloud and its mor-
phological structure, with potentially important consequences for the
Earth’s radiation balance18,29.

METHODS SUMMARY
Four major analysis tools are brought to bear on the problem. (1) Large eddy

simulation of the cloud system that includes coupled solution to the Navier–

Stokes equations, and aerosol–cloud–precipitation–radiation interactions to

demonstrate the oscillating open-cellular system. The model domain size is

60 km 3 60 km 3 1.5 km. The grid size is 300 m horizontally and 30 m vertically

and the time step is 3 s. (2) A two-dimensional Navier–Stokes model, solved

using a lattice Boltzmann method, is used to elucidate the fundamental principles

of transition from conduction-dominated to convection-dominated heat transfer,

steady-state solution to Rayleigh–Bénard convection, and the effect of negative
buoyancy forcing associated with precipitation in generating an oscillating open-

cellular system. (3) Meteosat geostationary satellite imagery is used to illustrate

how an open cell shifts from one state to another by first removing the effects of the

mean advective wind. (4) Ship-based lidar and radar remote sensing data taken in

a precipitating open-cellular cloud field during the VOCALS-REx field pro-

gramme23 in the southeast Pacific Ocean (http://www.eol.ucar.edu/projects/

vocals/) is applied to document convergence and divergence patterns associated

with precipitation outflows. The lidar is a 2-mm Doppler system with radial wind

velocity accuracy of the order of 0.2 m s21. The radar is the NOAA C-band

(5.4 cm) precipitation radar.
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Evidence for the survival of the oldest terrestrial
mantle reservoir
Matthew G. Jackson1,2, Richard W. Carlson2, Mark D. Kurz3, Pamela D. Kempton4, Don Francis5 & Jerzy Blusztajn6

Helium is a powerful tracer of primitive material in Earth’s mantle.
Extremely high 3He/4He ratios in some ocean-island basalts suggest
the presence of relatively undegassed and undifferentiated material
preserved in Earth’s mantle. However, terrestrial lavas with high
3He/4He ratios have never been observed to host the primitive lead-
isotopic compositions that are required for an early (roughly 4.5
Gyr ago) formation age1,2. Here we show that Cenozoic-era Baffin
Island and West Greenland lavas, previously found to host the
highest terrestrial-mantle 3He/4He ratios3–5, exhibit primitive
lead-isotope ratios that are consistent with an ancient mantle
source age of 4.55–4.45 Gyr. The Baffin Island and West
Greenland lavas also exhibit 143Nd/144Nd ratios similar to values
recently proposed for an early-formed (roughly 4.5 Gyr ago)
terrestrial mantle reservoir6,7. The combined helium-, lead- and
Nd-isotopic compositions in Baffin Island and West Greenland
lavas therefore suggest that their source is the most ancient access-
ible reservoir in the Earth’s mantle, and it may be parental to all
mantle reservoirs that give rise to modern volcanism.

Relative to terrestrial-mantle He, there are extremely high 3He/4He
ratios in the solar wind (roughly 310 Ra, where Ra is the present-day
3He/4He ratio in the atmosphere, 1.38 3 1026; ref. 8) and the atmo-
sphere of Jupiter (120 Ra; ref. 9), a geochemical characteristic that is
associated with the building blocks of planets. On Earth, He is con-
tinually degassed from the interior during mantle melting and vol-
canism, and is lost from the atmosphere by gravitational escape to
space. Within the solid Earth, the a-decay of U and Th replenish 4He,
but crustal recycling does not replenish the mantle 3He. Therefore,
recycling results in a long-term decrease of 3He/4He ratios in all
terrestrial geochemical reservoirs over time, and the terrestrial
mantle may no longer have such high primordial 3He/4He ratios.
Nonetheless, the mantle sources of some ocean-island basalts pre-
serve relatively high 3He/4He ratios (more than 30 Ra); for example,
in Hawaii10, the Galapagos Islands11, Samoa1, Iceland12 and the proto-
Iceland plume3–5. The highest terrestrial mantle 3He/4He ratios (up to
50 Ra) were measured in roughly 60-Myr-old Baffin Island and West
Greenland lavas, a manifestation of the proto-Icelandic hotspot4,5.
However, such high 3He/4He ratios are extremely rare, and the origin,
composition and long-term survival of the high-3He/4He reservoir in
the Earth’s mantle are poorly understood.

One of the least-understood characteristics of lavas with high
3He/4He ratios is their association with distinctly non-primitive, super-
chondritic 143Nd/144Nd and 176Hf/177Hf ratios, both of which suggest a
source previously depleted of incompatible elements through partial
melt extraction. Several models have been developed to resolve the
complex association of primitive 3He/4He and non-primitive Nd
and Hf isotopic4,12–20 ratios. Using constraints from 142Nd/144Nd ratios,
recent models suggest that the high-3He/4He mantle either reflects a

bulk Earth that does not have chondritic relative abundances of refract-
ory lithophile elements, or is an early depleted reservoir (EDR) that is
the residue of an ancient (more than 4.53 Gyr ago) global differenti-
ation event6,7. In either of these models, a source unmodified from
shortly after the Earth’s formation should have a Pb-isotope composi-
tion that lies near the geochron, the locus of data in Pb-isotope space
that have had the same (U1Th)/Pb ratios for roughly 4.5 Gyr.

To better characterize the high-3He/4He mantle, we present new
Pb-, He- and Hf-isotopic data (Supplementary Information) on a
suite of Baffin Island lavas from Padloping Island that were previously
characterized for 87Sr/86Sr, 143Nd/144Nd, 187Os/188Os and d18O ratios
and major- and trace-element compositions21. In a plot of 207Pb/204Pb
against 206Pb/204Pb, the new data from Baffin Island cluster near the
terrestrial geochron, while the highest-3He/4He lavas from Hawaii,
Iceland, the Galapagos Islands and Samoa plot to the right of the
geochron (Fig. 1). The Baffin Island picrites also plot together with
picrites from West Greenland—a volcanic province stratigraphically
equivalent to the Baffin Island picrites, which also exhibits high
3He/4He (refs. 3, 5)—near the intersection of the Northern Hemi-
sphere reference line22 with the 4.55–4.45-Gyr-old geochrons. There
is some scatter in the data, but the majority of the samples from Baffin
Island and the West Greenland3 picrites coincide remarkably well with
the geochron. Crustal contamination for rocks such as the Baffin
Island and West Greenland picrites that erupted through the
Archaean lithosphere can, and does23, move their Pb-isotope com-
position off the geochron. Trace-element tracers sensitive to crustal
contamination show, however, that the least-contaminated lavas,
including all of those measured here, are the samples that fall closest
to the geochron (Supplementary Information).

Like Pb, Os-isotopic compositions measured on Baffin Island and
West Greenland lavas overlap with the range expected for a primitive
terrestrial reservoir21,24. The strontium- and Hf-isotopic composi-
tions suggested for a non-chondritic terrestrial mantle7 lie in the
range of values found in uncontaminated Baffin Island and West
Greenland lavas. In summary, lavas with the most primitive (that
is, highest) terrestrial-mantle 3He/4He ratios may also have primitive
heavy-radiogenic-isotope compositions.

Data for 143Nd/144Nd ratios in Baffin Island and West Greenland
lavas are also consistent with derivation from an ancient mantle
source, assuming that it does not have a chondritic Sm/Nd ratio.
All existing high-precision 142Nd/144Nd data for mid-ocean-ridge-
basalt and ocean-island-basalt, including high-3He/4He lavas from
Baffin Island25, are indistinguishable from the terrestrial standard
and are 18 6 5 p.p.m. higher than the average obtained for ordinary
and enstatite chondrites2,6,26. If the 142Nd/144Nd anomaly in modern
terrestrial lavas relative to ordinary and enstatite chondrites is the
result of radiogenic decay of 146Sm, all modern terrestrial rocks
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originate from an ancient reservoir that had Sm/Nd ratios more than
4.6% higher than those in chondrites during the lifetime of 146Sm
(the first few hundred million years following the Earth’s accretion).
If this progenitor reservoir formed immediately following accretion,
4.568 Gyr ago, the 147Sm/144Nd ratio required to generate the
18 6 5 p.p.m. 142Nd/144Nd anomaly2 relative to chondrites is
0.205–0.211. Given these constraints, the present-day 143Nd/144Nd
composition of the early-formed reservoir would be 0.51290–
0.51309 (e143Nd 5 5.3–9.0, relative to the chondritic 143Nd/144Nd
ratio of 0.51263), a range that brackets the two Baffin Island samples
with the highest 3He/4He ratios (49.5–49.8 Ra; refs 4, 5).

The primitive nature of the He-, Pb-, Hf-, Sr- and Os-isotopic
compositions of the Baffin Island and West Greenland mantle, and
the 143Nd/144Nd ratios consistent with a mantle-source Sm/Nd ratio
predicted by the 142Nd/144Nd ratio, suggest that the uncontaminated
lavas sample an early-formed reservoir in the Earth. If the bulk-
silicate Earth has chondritic abundances of Sm and Nd, then the
isotopic characteristics of the highest-3He/4He mantle are consistent
with it being an EDR6. This model requires that an early enriched
reservoir (EER) with complementary, subchondritic Sm/Nd and
142Nd/144Nd ratios is hidden in the deep Earth. Until the EER is
detected, however, the possibility remains that the bulk-silicate
Earth is not chondritic, and that the highest-3He/4He Baffin Island
and West Greenland mantle source represents the closest approxi-
mation to the composition of the terrestrial primitive mantle.
Evidence that the bulk-silicate Earth has non-chondritic Sm/Nd
ratios is inconclusive7, and this possibility can neither be confirmed
nor rejected with available data.

A clear implication of both models is that the He-isotopic composi-
tion may not be ‘decoupled’ from the heavy radiogenic isotope com-
positions in uncontaminated Baffin Island and West Greenland lavas.
Instead, high 3He/4He ratios are a property inherent to an ancient,
early-formed mantle reservoir that does not have chondritic relative
abundances of the refractory lithophile elements. The highest-3He/4He
lavas from Hawaii, Samoa, the Galapagos Islands and Iceland all plot
off the geochron and have lower 3He/4He ratios than Baffin Island and
West Greenland lavas, and are therefore geochemically distinct. This
may result from incorporation of recycled material in much of the
high-3He/4He reservoir over geologic time, a process that would
undoubtedly lower the time-integrated 3He/4He ratio of the resulting
mixture and, owing to the high Pb concentration in most recycled
crustal materials, perturb the Pb-isotopic composition away from
the geochron. Therefore, the high-3He/4He Baffin Island and West
Greenland lavas appear to sample a more-pristine mantle reservoir
than high-3He/4He lavas from other localities.

To test the hypothesis that the highest-3He/4He Baffin Island and
West Greenland lavas might be melts of either the EDR or the primitive
mantle of a non-chondritic Earth, we estimated the trace-element
budget of the source mantle, and determined whether this mantle
source satisfies the requirements of continental crust extraction and
resultant depleted mid-ocean-ridge-basalt mantle (DMM) formation.
We calculated the mantle source of samples DUR8 and BI/PI/25, the
highest-3He/4He lavas from the Baffin Island suite. These two samples
exhibit no evidence of contamination from the crust or the subconti-
nental mantle4,5. We use the calculated Sm/Nd ratio of the Baffin Island
and West Greenland high-3He/4He mantle based on 142Nd/144Nd con-
straints, a source Lu/Hf ratio using the new 176Hf/177Hf data in the
Baffin Island lavas and the assumption of a constant source Lu/Hf ratio
since 4.568 Gyr, and an aggregated fractional melting model to deter-
mine an average mantle source that can plausibly generate the trace-
element pattern measured in the highest-3He/4He Baffin Island lava
(see Methods, Fig. 2 and Supplementary Information).

There are many uncertainties associated with using melt models to
calculate mantle-source compositions from basalt compositions
(Supplementary Information), but some first-order observations can
be made regarding the high-3He/4He Baffin Island mantle. Relative to
the primitive mantle estimate derived from chondrites27, the average

15.3

15.4

15.5

15.6

15.7

37

38

39

40

17 18 19 20
0.5123

0.5124

0.5125

0.5126

0.5127

0.5128

0.5129

0.5130

0.5131

0.5132

0.5133

Chondrite

NHRL

NHRL
4.

45
 G

yr

4.
50

 G
yr

4.
55

 G
yr

4.
56

8 
G

yr

Global MORB

Global OIB

Baffin Island
West Greenland

Hawaii

Galapagos 
Samoa 
Iceland 

Other lavas
(>30 Ra)

Non-chondritic 
Earth or EDR 

G
eo

ch
ro

n

G
eo

ch
ro

n

G
eo

ch
ro

n

G
eo

ch
ro

n

20
7 P

b
/2

04
P

b
20

8 P
b

/2
04

P
b

14
3 N

d
/1

44
N

d

206Pb/204Pb

a

b

c

Figure 1 | Nd- and Pb-isotopic composition of Baffin Island lavas from
Padloping Island. a, The 4.55- and 4.45-Gyr-old geochrons bracket the Baffin
Island (this study) and West Greenland3 data. This isotope topology suggests
an ancient, roughly 4.5-Gyr-ago origin for the mantle source of high-3He/4He
Baffin Island and West Greenland lavas. Baffin Island and West Greenland
lavas that are crustally contaminated plot off the geochron (Supplementary
Fig. 4). OIB, ocean island basalt; MORB, mid-ocean-ridge basalt. b, The Baffin
Island and West Greenland lavas overlap and form a trend that parallels the
Northern Hemisphere reference line (NHRL). c, The 143Nd/144Nd ratio of
much of the Baffin Island and West Greenland picrite suite is consistent with
sampling a 4.568-Gyr-old non-chondritic primitive mantle or EDR that has
Sm/Nd ratios more than 4.6% higher than ordinary and enstatite chondrites,
as implied by the 18 6 5 p.p.m. difference in 142Nd/144Nd ratio between these
chondrites and modern terrestrial lavas6. Given the error on the difference in
142Nd/144Nd ratios, the non-chondritic primitive mantle or EDR may span a
range of 143Nd/144Nd values (0.51290–0.51309). The Rb–Sr, Sm–Nd, and
Lu–Hf systems are most sensitive to mantle differentiation, and Re–Os and
U–Th–Pb are most sensitive to core formation and the addition of a late veneer
enriched in elements such as rhenium and Os; 142Nd/144Nd and Pb-isotopic
compositions may thus record different events (and different ages) in Earth’s
history (Supplementary Information).
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composition of the DUR8 and BI/PI/25 sources is depleted in many of
the highly incompatible elements. Nonetheless, the calculated mantle
sources for DUR8 and BI/PI/25 bracket much of the trace-element
pattern for the EDR that is generated using a mass-balance method2

(Fig. 2). The average Baffin Island source exhibits a large positive Nb
anomaly and a small negative Pb anomaly relative to the EDR.
Uncertainties in the calculation of the EDR may account for these
differences (Supplementary Information). The positive Nb and nega-
tive Pb anomalies in the Baffin Island source reflect the general tend-
ency of ocean-island-basalt and mid-ocean-ridge-basalt lavas28, and the
geochemical similarity is not inconsistent with the hypothesis that
ocean-island basalts and mid-ocean-ridge basalts were derived from
an EDR similar to the Baffin Island mantle source. We suggest that,
owing to the extraction of Nb-rich eclogite and Pb-rich continental
crust from the EDR, the magnitude of positive Nb anomalies in DMM
diminished with time and the negative Pb anomalies were enhanced
(see Supplementary Text). This mechanism may explain why modern
ocean-island-basalt (excluding lavas that sample enriched mantle
domains) and mid-ocean-ridge-basalt lavas generally exhibit smaller
positive niobium (Nb/U 5 47 6 10; ref. 28) anomalies and larger nega-
tive Pb (Ce/Pb 5 25 6 5)28 anomalies than the Baffin Island source
(Nb/U 47.6–69.7; Ce/Pb 12.0–21.6)21. If the bulk-silicate Earth has
chondritic abundances of refractory lithophile elements such as Nb
and U, a clear implication is that Nb was preferentially partitioned
from the EER to the EDR during early differentiation, and Pb was
preferentially partitioned into the EER (Supplementary Informa-
tion). Alternatively, the Baffin Island mantle may represent a surviving
portion of a non-chondritic primitive mantle.

If the high-3He/4He Baffin Island mantle represents an early pre-
cursor to modern mantle reservoirs, extraction of continental crust
from this parental reservoir should result in a residue with trace-
element characteristics similar to the modern DMM. Using the average
continental crust composition of ref. 29, mass-balance constraints
indicate that continental crust was extracted from roughly 60% of a
mantle of composition similar to the Baffin Island source to generate a

reservoir similar to DMM (Fig. 2). If a more mafic continental crust
composition is used30, only about 45% of the mantle need be depleted
to generate the complementary DMM and continental reservoirs.
While the trace-element budget of the Baffin Island mantle is sufficient
to tolerate extraction of continental crust, its extraction does not suf-
ficiently reduce Nb and barium budgets in the depleted residue, and the
calculated residue has large positive Nb and barium anomalies relative
to published estimates for DMM (Fig. 2). Concomitant formation and
subduction of Nb-rich eclogite during continental-crust formation
may reduce the Nb excess in our depleted-mantle model. The barium
excess in the calculated depleted mantle is problematic, but may be
explained by uncertainties in the mass-balance model, including the
barium budgets of subducted oceanic crust and continental crust, and
geochemical variability in the Baffin Island lavas4,5,21.

The possible survival of an ancient, roughly 4.5-Gyr-old reservoir in
the Earth’s dynamic mantle has important implications for the nature
and effectiveness of mixing in the Earth’s interior. Convective stirring
is thought to process large portions of the mantle on geologic time-
scales. Although the storage mechanisms required for long-term sur-
vival of ancient isotopic reservoirs in the Earth’s convecting mantle are
poorly understood, recent dynamic models of the Earth’s mantle
suggest that pristine portions of the mantle might escape differenti-
ation over the age of the Earth (for example, ref. 31), perhaps during
isolation in convective ‘eddies’. According to the mass-balance calcu-
lations shown in Fig. 2, 45–60% of the mantle was depleted during
continental-crust generation, and recycled material seems to have
contaminated remaining portions of the ancient high-3He/4He
reservoir. The Pb- and Nd-isotopic data from the Baffin Island lavas
suggests that a relatively pristine portion of the high-3He/4He
reservoir survives. The long-term preservation of such an early-
Earth reservoir indicates that the convective vigour of the mantle over
geologic time was not sufficient to destroy all mantle reservoirs that
were formed early in the Earth’s history.

METHODS SUMMARY
Measurement of Pb-, Hf- and He-isotopic compositions follow standard pro-

cedures, as outlined in the Methods section. In order to calculate the trace-

element budget of the Baffin Island high-3He/4He source, we calculated the

trace-element abundances of the two highest-3He/4He Baffin Island lavas (more

than 49 Ra) by merging two geochemical data sets. We then corrected the trace-

element budgets for olivine accumulation by subtracting equilibrium olivine
until the corrected major-element compositions of the lavas were in equilibrium

with a mantle olivine composition. The early formation age of the Baffin Island

mantle, combined with the 143Nd/144Nd, 176Hf/177Hf, Sm/Nd and Lu/Hf ratios

in the Baffin Island lavas, permits calculation of the Sm/Nd and Lu/Hf in the

Baffin Island mantle source. We calculated a trace-element source budget using a

melting model to relate the Sm/Nd and Lu/Hf ratios of the primary melts of

samples DUR8 and BI/PI/25 to the isotopically constrained Sm/Nd and Lu/Hf

ratios of the Baffin Island mantle source. We used an aggregated fractional-

melting model and used two different compilations of trace-element mineral-

melt partition coefficients and source mineral and melt modes. By varying the

degree of melting and the relative melt contributions from the spinel and garnet

melting fields (two unknowns), we calculated a source for the two

highest-3He/4He lavas that relates the isotopically constrained Lu/Hf and Sm/

Nd ratios (two constraints) of the Baffin Island source to the primary melt

composition. The melting models cannot be used to calculate the source abun-

dances of all geochemically important trace elements, either because the ele-

mental abundances were not reported or because the elemental abundances

were compromised in the laboratory or by weathering. The abundances of U,
Pb, K, Rb and Nb were estimated using isotopic constraints in combination with

measurements of these elements in fresh Baffin Island glasses.

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
New Pb-, Hf- and He-isotope analyses on Padopling-Island lavas. The analytical

procedures for Pb- and Hf-isotope analysis are reported elsewhere32. All Hf- and

Pb-isotope measurements were made on a VG Plasma P54 multi-collector induc-

tively coupled plasma mass spectrometer at the Natural Environment Research

Council Isotope Geosciences Laboratory at Kingsley Dunham Centre. Repeat

measurements of the Hf-isotope standard JMC 475 yielded reproducibility of

50 p.p.m. (2s) on 176Hf/177Hf. All 176Hf/177Hf data are reported relative to a

JMC 475 value of 0.282160. Replicate analysis in the same analytical period of

an internal rock standard, pk-GD12, yielded 176Hf/177Hf values of 0.283048 6 18

(2s, n 5 13), and is indistinguishable from a previously reported value for this

sample (0.283046 6 16, 2s, n 5 9; ref. 33). The Pb-isotope data are reported rela-

tive to accepted values reported for the Pb-isotope standard NBS 981 (ref. 34) as
206Pb/204Pb 5 16.9356, 207Pb/204Pb 5 15.4891 and 208Pb/204Pb 5 36.7006. The

samples were spiked with thallium in order to correct for mass fractionation during

analysis on the P54. The estimated external precision for Pb-isotope analyses

( 6 0.02%, 2s) is based on multiple runs of NBS 981.

The new He-isotope data are reported in Supplementary Table 1 and shown

graphically in Supplementary Fig. 1. We measured He-isotope ratios and con-

centrations at Woods Hole Oceanographic Institution, using a mass spectro-

meter dedicated to He-isotope measurements. The procedures for such

measurements are outlined elsewhere35. We obtained He data by crushing oli-

vines in vacuo. In addition to the in vacuo crushing measurements, we melted the

powder remaining from three samples in a resistance furnace, and measured the
3He/4He ratio for He released on fusion. We chose only the freshest olivines for

analysis. As discussed in the caption of Supplementary Fig. 1, the olivine samples

have extremely low He contents requiring fairly large blank corrections.

Therefore, uncertainties on the He measurements are relatively large.

Integrating two geochemical data sets from Baffin Island. To calculate a trace-

element source composition for the high-3He/4He Baffin Island mantle, we

relied on two geochemical data sets obtained from two different suites of

Baffin Island lavas, as neither data set presents a complete complement of geo-

chemically important isotopic ratios and trace-element abundances. The first

data set, compiled by Starkey et al.5, provides major- and trace-element concen-

trations measured on whole rocks, in addition to 3He/4He, 87Sr/86Sr and
143Nd/144Nd isotope compositions. The second data set, from Kent et al.21,

provides major- and trace-element concentrations and 87Sr/86Sr and
143Nd/144Nd ratios, all measured on glasses. It is to this second data set that

we added Pb- and Hf-isotopic compositions (measured on whole rock powders)

and He-isotopic compositions (measured on olivine separates). The trace-

element data obtained on glasses were measured by laser ablation inductively

coupled plasma mass spectrometry (ICP-MS), and the quoted analytical pre-

cision (Kent et al.)21 is poorer that than for the trace-element measurements

made using solution-work ICP-MS on dissolved whole rocks (Starkey et al.)5.

Kent et al. 21 did not report lutetium concentrations by laser ablation, which are

critical for determining an isotopically constrained mantle source for the Baffin

Island lavas; the Starkey et al.5 data set does not include Hf-isotope data. Instead

of extrapolating lutetium concentrations from the available Kent et al.21 trace-

element data set (a scheme that we consider to be highly prone to error), we

estimated the Hf-isotopic compositions for the Starkey et al.5 data set. The latter

option is preferred because the linear trend formed between the Nd- and Hf-

isotope compositions of the Baffin Island lavas presented here permits relatively

accurate extrapolation of Hf-isotope composition from the Starkey et al.5 Nd-

isotope data. We then combined the estimated Hf-isotopic compositions with

lutetium and Hf concentrations reported by Starkey et al.5, to generate an iso-

topically constrained mantle source for the Baffin Island lavas. We note that

Starkey et al.5 made the trace-element measurements on whole rocks, and

some of the more mobile trace elements appear to have been compromised by

weathering: when plotted against the relatively immobile element Th, we found

that Rb, K and U exhibit significant scatter, which suggests that all three mobile

elements have been affected by weathering. Additionally, Starkey et al.5 do not

report Pb concentrations, and the tantalum and (possibly) Nb seem to be con-

taminated owing to sample preparation in tungsten carbide. Rb, K and U con-

centrations in the Kent et al.21 glasses exhibit good correlations with Th and

demonstrate clear igneous trends. These trends support our hypothesis that

the scatter for the same elements in the Starkey et al.5 data set are a result of

weathering. Kent et al. 21 also report Pb and Nb concentrations.

To generate a self-consistent trace-element budget for high-3He/4He Baffin

Island lavas, which is required to model the Baffin Island mantle source, we used

trace-element relationships consistent with the good linear (igneous) trends

displayed by the Kent et al.21 data obtained on fresh glasses. The Kent et al.21

data set yields the following elemental ratios: Ba/Rb (12.4–21.6, average 5 16.0),

Th/U (3.50–5.33, average 5 4.45), Nb/U (47.6–69.7, average 5 55.8), Ce/Pb

(12.0–21.6, average 5 17.6) and K/U (9,100–13,600, average 5 10,600). These

ratios, in combination with isotopic constraints, are used to ‘graft’ Rb, U, Pb,

Nb and K into the Starkey et al.5 trace-element data set.

Calculating a source for the high-3He/4He Baffin Island lavas. Using combined

trace-element and isotopic constraints, we calculated a mantle-source trace-

element budget for the two lavas from Baffin Island with 3He/4He .49 Ra: sample

DUR8 (49.8 Ra) and sample BI/PI/25 (49.5 Ra; refs 4, 5). A critical constraint for

the model is the observation that modern terrestrial volcanic rocks exhibit
142Nd/144Nd ratios 18 6 5 p.p.m. higher than those in chondrites6, which indicates

that all modern terrestrial lavas originate from a reservoir that had Sm/Nd ratios

4.6–7.6% higher than that in chondrites during the lifetime of 146Sm (the first few

hundred million years following accretion). For the purposes of this model, it does

not matter whether the implied difference in Sm/Nd between the Earth and

chondrites was generated by early differentiation of a chondritic Earth (in which

case a hidden early enriched reservoir with subchondritic 142Nd/144Nd ratios

exists in the deep Earth), or whether the Earth simply accreted from material

with superchondritic Sm/Nd ratios. Assuming an initial Solar System had
146Sm/144Sm 5 0.0084 (ref. 36), both models require that the early, accessible

mantle had a higher 147Sm/144Nd ratio (0.205–0.211, depending on the absolute

difference in 142Nd/144Nd ratios between the Earth and chondrites) than chon-

drites (147Sm/144Nd 5 0.1960; ref. 37). Any portion of the mantle that evolved in

isolation would exhibit a higher present-day 143Nd/144Nd ratio (0.51290–0.51309)

than the chondrite reservoir (0.51263).

We consider the highest-3He/4He Baffin Island mantle source to be a likely

candidate for a reservoir that has evolved in isolation since the accessible mantle

acquired superchondritic Sm/Nd. Operating under this assumption, the
176Hf/177Hf measured in the highest-3He/4He Baffin Island lavas can be used

to calculate the present-day Lu/Hf ratio of the Baffin Island source, assuming a

4.568-Gyr reservoir formation age with an initial chondritic 176Hf/177Hf ratio

(see ref. 37). Using the published (refs 4,5) 143Nd/144Nd values of the two

highest-3He/4He Baffin Island lavas—DUR8 (0.512975) and BI/PI/25

(0.513030)—the 176Hf/177Hf values are estimated by regression through the
143Nd/144Nd–176Hf/177Hf trend (formed by the new data, see Supplementary

Table 1) to be 0.28321 and 0.28325, respectively. The 176Lu/177Hf ratios of the

two lavas are then constrained to be 0.0384 to 0.0388, respectively.

Estimates for the trace-element budgets of the primary melts of the two

highest-3He/4He Baffin Island lavas must first be calculated before generating

a mantle source composition. The lavas with the highest reported 3He/4He ratios

from Baffin Island are picrites with 22.89 and 27.69 wt.% MgO (ref. 5).

Hypothetical olivines in equilibrium with these picrites would have a forsterite

content of 92% (Fo92). Olivine compositions in the Baffin Island picrites vary

from Fo86 to Fo93. In order to correct the trace-element budget of the Baffin

Island samples for olivine accumulation, we subtracted equilibrium olivines from

the lava in 0.001% increments, assuming that 10% of the total iron is Fe31 and

using an olivine-melt Kd of 0.30 (ref. 38; Kd 5 (Fe21/Mg)olivine/(Fe21/Mg)melt)

until the melt was in equilibrium with mantle olivine. There is some debate about

whether the high-forsterite olivines in the Baffin Island lavas are xenocrysts39,40.

This is important because uncertainty in the forsterite content of the mantle

source of DUR8 gives rise to uncertainty in the estimated trace-element content

of the primary melt. Therefore, we adopted an intermediate olivine forsterite

value consistent with recent work on Baffin Island lavas41,42, and corrected the

DUR8 lava by olivine fractionation to be in equilibrium with Fo92 olivine.

We calculated a trace-element source budget using a simple melting model to

relate the trace-element contents of the primary melt of samples DUR8 and BI/PI/

25 to the isotopically constrained Sm/Nd and Lu/Hf ratios of the Baffin Island

mantle source. We used an aggregated fractional-melting model and two different

compilations of trace-element mineral-melt partition coefficients (with different

corresponding mantle source mineral and melt modes43,44; see Supplementary

Table 2). By varying the relative melt contributions from the spinel and garnet

melting fields and the degree of melting (two unknowns), we calculated a unique

source solution for each of the two highest-3He/4He lavas that relates the isoto-

pically constrained Lu/Hf and Sm/Nd (two constraints) of the Baffin Island

source to the primary melt composition. The mantle-source trace-element

abundances generated by the two melt models for DUR8 are presented in

Supplementary Table 2, along with the average source for DUR8. The mantle-

source trace-element abundances for BI/PI/25 generated by the two melt models

are also presented in Supplementary Table 2, along with the average BI/PI/25

mantle-source composition. The average DUR8 source is combined with the

average BI/PI/25 source to generate a Baffin Island high-3He/4He source

(Supplementary Table 2); this bulk average Baffin Island source is shown in

Fig. 2 of the main text (and Supplementary Fig. 2) and was used in the mass-

balance models.

The melting models cannot be used to calculate the source abundances of all

geochemically important trace elements for samples DUR8 and BI/PI/25. As
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discussed above, the abundances of five elements (U, Pb, Nb, K and Rb) in DUR8
and BI/PI/25 need to be estimated, because data either were not reported or were

compromised in the laboratory or by weathering. We estimated their abun-

dances as follows.

Uranium. We calculated U in the Baffin source from the source Th concentra-

tion (0.046 p.p.m.) determined by the melt model. The U concentration is cal-

culated for a source Th/U ratio (3.9) required to generate the Pb-isotopic

compositions in the Baffin lavas on a 4.50-Gyr geochron; the resulting U source

concentration is estimated to be 0.0117 p.p.m. The isotopically constrained Th/

U ratio of 3.9 is well within the range of Th/U values (3.50–5.33, average 4.45)

that Kent et al.21 measured on Baffin lavas.

Lead. We estimated the Pb content of the Baffin source by combining the U

concentration calculated above with the U/Pb ratio that will put the 4.5-Gyr-old

evolved Pb on the geochron. Using a 238U/204Pb (m) ratio of 8.5, the calculated Pb

concentration for the Baffin Island source is 0.086 p.p.m. If a higher m ratio of 9 is

assumed (permitted by the Baffin Island Pb-isotope data if a 4.45-Gyr geochron

is assumed), the estimated source Pb concentration is 0.082 p.p.m. To determine

whether these Pb concentrations are reasonable, we used the cerium concentra-

tion of the Baffin mantle source (1.29 p.p.m.) calculated in the melt model to
determine the possible Ce/Pb ratios of the calculated Baffin Island source; they

range from 15.0 (m 5 8.5) to 15.7 (m 5 9). The calculated mantle-source Ce/Pb

ratios are well within the range of Ce/Pb ratios (12.4–21.6) measured using laser

ablation on Baffin glasses by Kent et al.21. Although it would clearly be desirable

to calculate mantle-source Pb concentrations from the two Baffin Island lavas

using melting models, this is not a trivial matter, not least because of the large

uncertainties associated with the bulk partition coefficients for Pb during mantle

melting, the large uncertainties associated with the Pb measurements in the

Baffin Island glasses, and the lack of Pb-concentration data for both samples.

Niobium. We determined the Nb content of the Baffin Island mantle source

using the estimated U in the Baffin Island source calculated above and the

average Nb/U ratio (55.8) measured by Kent et al.21 in the Baffin Island glasses.

The resulting Nb content estimated for the Baffin Island mantle (0.65 p.p.m.)

results in a large positive Nb anomaly in the Baffin Island source. The anomaly

persists even if the lowest Nb/U ratio (47.6) measured in the Baffin glasses is

used.

Potassium. We determined the K content of the Baffin Island source using the

calculated U in the Baffin Island source (see above) and the K/U ratios in Baffin
Island glasses reported by Kent et al.21. The K/U ratios in the glasses range 9,100–

13,600. The highest K/U value (13,600) is closest to the bulk-silicate-Earth K/U

ratio (13,800) determined by Arevalo et al.45. This K/U ratio yields a K concen-

tration of 159 p.p.m. in the Baffin Island source. Clearly, using the lowest K/U

ratio (9,100) in the Baffin glasses examined by Kent et al.21 would yield a lower K

concentration (106 p.p.m.) in the Baffin Island mantle source.

Rubidium. We calculated the Rb content of the source using the strontium

concentration (20.8 p.p.m.) calculated in the melt model, combined with the

Rb/Sr ratio required to generate the average 87Sr/86Sr ratio of the mantle source

for the two highest-3He/4He lavas from a Solar-System initial value of 4.568 Gyr.

The resulting Baffin Island source Rb concentration is 0.46 p.p.m. To determine

whether this Rb source concentration is reasonable, we compared the Ba/Rb in

the lavas of Kent et al.21 (12.4–20, average 16) with the Ba/Rb in our Baffin

source. The barium content of the Baffin Island source (5.76 p.p.m.) is calculated

in the melt model. The resulting Baffin Island source Ba/Rb value—12.4—is the

lowest that Kent et al.21 measured in Baffin glasses by laser ablation, and is near to

the canonical Ba/Rb value of about 12 for fresh ocean-island basalts46.

Incidentally, the Rb concentration for the Baffin Island source that we calculate

(0.46 p.p.m.) is similar to Caro and Bourdon’s7 estimated Rb concentration

(0.43 p.p.m.) for a non-chondritic Earth. Although it would clearly be desirable

to calculate mantle-source Rb concentrations using a melt model and the Rb

concentrations measured on the Baffin Island glasses, the large uncertainties in

bulk partition coefficients for Rb, combined with the large measurement un-

certainties associated with Rb and strontium measurement by laser ablation, and

the compromised (by weathering) Rb data in samples DUR8 and BI/PI/25, make

the ‘melt-model’ approach to calculating mantle-source Rb less than ideal.

32. Kempton, P. D. et al. The Iceland plume in space and time: a Sr-Nd-Pb-Hf study of
the North Atlantic rifted margin. Earth Planet. Sci. Lett. 177, 255–271 (2000).

33. Nowell, G. M. et al. High precision Hf isotope measurements of MORB and OIB by
thermal ionisation mass spectrometry: insights into the depleted mantle. Chem.
Geol. 149, 211–233 (1998).

34. Todt, W., Cliff, R. A., Hanser, A. & Hofmann, A. W. in Earth Processes: Reading the
Isotopic Code Geophysical Monograph (eds Basu, A. & Hart, S. R.) 429–437
(Geophys. Monogr. 95, American Geophysical Union, 1996).

35. Kurz, M. D., Curtice, J. C., Fornari, D., Geist, D. & Moreira, M. Primitive neon from
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LETTERS

Evidence for stone-tool-assisted consumption of
animal tissues before 3.39 million years ago at Dikika,
Ethiopia
Shannon P. McPherron1, Zeresenay Alemseged2, Curtis W. Marean3, Jonathan G. Wynn4, Denné Reed5,
Denis Geraads6, René Bobe7 & Hamdallah A. Béarat8

The oldest direct evidence of stone tool manufacture comes from
Gona (Ethiopia) and dates to between 2.6 and 2.5 million years
(Myr) ago1. At the nearby Bouri site several cut-marked bones also
show stone tool use approximately 2.5 Myr ago2. Here we report
stone-tool-inflicted marks on bones found during recent survey
work in Dikika, Ethiopia, a research area close to Gona and
Bouri. On the basis of low-power microscopic and environmental
scanning electron microscope observations, these bones show un-
ambiguous stone-tool cut marks for flesh removal and percussion
marks for marrow access. The bones derive from the Sidi Hakoma
Member of the Hadar Formation. Established 40Ar–39Ar dates on
the tuffs that bracket this member constrain the finds to between
3.42 and 3.24 Myr ago, and stratigraphic scaling between these units
and other geological evidence indicate that they are older than
3.39 Myr ago. Our discovery extends by approximately 800,000
years the antiquity of stone tools and of stone-tool-assisted con-
sumption of ungulates by hominins; furthermore, this behaviour
can now be attributed to Australopithecus afarensis.

The Dikika Research Project area is located in the Lower Awash
Valley (Ethiopia) and is bordered on the north by Gona and Hadar
and on the south by the Middle Awash research areas (Fig. 1). Work
there (led by Z.A.) began in 1999 and has focused on survey in Hadar
(.3.8 to 2.9 Myr ago) and Busidima Formation (2.7 to ,0.6 Myr ago)
deposits, both of which are exposed in their entirety within the project
area3,4. This work has resulted in the discovery of a diverse and well
preserved fauna, the discovery of several hominin fossils including a
nearly complete juvenile Australopithecus afarensis (DIK-1-1) and a
complete definition of the hominin-bearing Hadar Formation3–6.

In January 2009, the Dikika Research Project systematically col-
lected fossils from localities just opposite the DIK-1 locality in the
Andedo drainage, which predominantly exposes the Sidi Hakoma
(SH) Member of the Hadar Formation (3.42–3.24 Myr ago; Fig. 1).
Archaeological survey was conducted simultaneously in these same
localities. In the course of this work, four fossils were identified with
surface modifications which, based on field observations, resembled
stone-tool cut marks7. These fossils were subsequently studied with
optical and environmental scanning electron microscopy (ESEM)
(see Methods and Supplementary Information). Secondary electron
imaging (SEI) and energy dispersive X-ray (EDX) spectrometry data
show that the marks on two of these fossils (DIK-55-2 and DIK-55-3)
formed before fossilization. Optical and ESEM observations show
that the marks lack the morphology indicative of trampling and

biochemical marks, and that these two specimens have modifications
clearly indicative of stone tool use, including cutting and percussion.

Both bones were found on the surface at the same locality: DIK-55.
Stratigraphically this locality, an area of approximately 25 m 3 50 m,
can be placed into the section described previously for the nearby
DIK-1 locality. It is below a low ridge that exposes only the lowermost
sediments of the SH Member and below the level of a limestone
marker (SH-lm) with a stratigraphically scaled age of 3.39 Myr ago,
providing a minimum age for the site (Fig. 1 and Supplementary
Information). Nowhere in the entire Andedo drainage are sediments
above the lacustrine Triple Tuff 4 (TT-4) marker (3.24 Myr ago)
exposed, providing a minimum age for the entire section. Specimen
DIK-55-2 was found on the slope below the SH-lm marker and
DIK-55-3 was found on the flats just in front of this slope. Fossils from
this locality lack adhering matrix, indicating that they derive from a
,1.5-m-thick sand bed that outcrops here. This sand is unique com-
pared to many of the fossil-bearing sands of the SH Member (such as
at DIK-1) in that it is not strongly cemented and thus its fossils lack
adhering matrix.

DIK-55-2 (Fig. 2 and Supplementary Information) is a right rib
fragment of a large ungulate, probably size 4 (cow-sized) or larger.
Marks A1 and A2 are perpendicular to the cortical surface, V-shaped
in cross-section with internal microstriations and diagnosed as high-
confidence stone-tool cut marks. Mark B is a more obliquely oriented
mark that shaves off the bone surface within which are microstria-
tions, all consistent with a high-confidence stone-tool-inflicted mark
from cutting, scraping and/or percussion. An indentation (mark C)
with microstriations and crushing of the bone surface is a high-con-
fidence hammerstone percussion mark described in Supplementary
Information.

DIK-55-3 (Fig. 3 and Supplementary Information) is a femur shaft
fragment of a size 2 (goat-sized) young bovid. The surface is densely
marked (Fig. 3a). Mark A is perpendicular to the cortical surface and
has clear microstriations running out one end (Fig. 3b, c), diagnosed
as a high-confidence cut mark. Mark D (Fig. 3d–f) is a dense cluster.
One prominent mark within D (Fig. 3d) has crushing of the bone
surface with microstriations and is diagnosed as a high-confidence
percussion mark. Mark E (Fig. 3g, h) is obliquely oriented, shaves off
surface bone, has microstriations and a shouldered edge highly con-
sistent with a stone-tool cut mark. Marks H1 and H2 overlap. H1 has
clear microstriations, is associated with the broken edge of the bone
and swirls in a way typical of a percussion mark. H2 shaves off bone
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surface and has clear microstriations, consistent with stone-tool cut
marks and a scraping motion. DIK-55-3 has other high-confidence
stone-tool-inflicted marks, and there is at least one mark (mark I) of
uncertain agency (Supplementary Information). This specimen does
not have any notches of the type that are sometimes associated with
hammerstone percussion on long bones8–10, but this may be owing to
post-depositional breakage of the edges that removed such notches.

The cut marks demonstrate hominin use of sharp-edged stone to
remove flesh from the femur and rib. The location and density of the
marks on the femur indicate that flesh was rather widely spread on
the surface, although it is possible that there could have been isolated
patches of flesh. The percussion marks on the femur demonstrate
hominin use of a blunt stone to strike the bone, probably to gain
access to the marrow. The external surfaces of ribs have thin sheaths
of flesh, so the scraping marks on the fossil rib suggest stripping off of
these sheaths.

The presence of stone-tool-modified bones and by implication the
use of stone tools at Dikika by 3.39 Myr ago greatly increases the
known antiquity of this behaviour. The earliest demonstration of
stone tool production known thus far is after 2.6 Myr ago at several

localities in Ethiopia and Kenya1,11–14. It is not possible to demon-
strate from the modified bones whether the stone tools were knapped
for this purpose or whether naturally occurring sharp-edged stones
were collected and used. No stone artefacts or sharp-edged stones
were found in association with the bones at DIK-55. However, stone
tool production and consequently archaeological accumulations are
not expected at this locality given the sedimentary environment
characterized by the palaeo-Awash River emptying into a nearby
lake3,4. In this relatively low-energy depositional environment, clasts
suitable for stone tool production are not present (few particles larger
than fine gravel, 8 mm diameter). Within the exposed SH Member, the
distance from DIK-55 to cobble-sized raw materials (.64 mm) is
,6 km (at Gorgore; Fig. 1). Thus, in this instance the absence of
evidence for stone tool production in the immediate vicinity of the
cut-marked bones may reflect landscape-level raw material constraints.

The bones presented here are the earliest evidence for meat and
marrow consumption in the hominin lineage, pre-dating the known
evidence by over 800 kyr2. Pending new discoveries, the only hominin
species present in the Lower Awash Valley at 3.39 Myr ago to which
we can associate this tool use is A. afarensis5,15. Whether A. afarensis
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Figure 1 | Geographic and stratigraphic location of DIK-55. a, Map of a
portion of the Dikika Research Project area showing DIK-55 (modified bone
locality), DIK-1 and DIK-2 (hominin localities), and relevant faults and
sections. b, Detailed map showing the position of the DIK-55 and
surrounding palaeontological localities. c, A composite stratigraphic column
of the Andedo drainage and surrounding Simbledere region showing the
position of the modified bones at DIK-55. Stratigraphic scaling of marker
units (SH-o, SH-g, SH-lm and B-g) are based on 40Ar–39Ar ages of the Sidi
Hakoma Tuff (SHT) and TT-4 recalibrated to reflect an updated age of the

Fish Canyon Sanidine standard28. Stratigraphic scaling between these two
radiometrically dated tuffs provides a sedimentation rate of 427.8 m Myr21,
which is applied to the ages of the Basal gastropodite (B-g), Sidi Hakoma
limestone (SH-lm), DIK-1 excavation, Sidi Hakoma gastropodite (SH-g)
and Sidi Hakoma ostracodite (SH-o). These stratigraphically scaled ages are
consistent with a correlation to the position of the Kada Damoumou Basalt
,3.3 Myr ago and the lowermost boundary of the Mammoth
palaeomagnetic subchron within the Gauss chron (Mam_b.; chron 2An.2r at
3.319 Myr ago29; both are recorded elsewhere in the Hadar Formation28,30 ).
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also produced stone tools remains to be demonstrated, but the
DIK-55 finds may fit with the view that stone tool production pre-
dates the earliest known archaeological sites and was initially of low
intensity (one-to-a-few flakes removed per nodule) and distributed
in extremely low density scatters across the landscape such that its
archaeological visibility is quite low16. The evidence presented here
offers a first insight into an early phase of stone tool use in hominin
evolution that will improve our understanding of how this type of
behaviour originated and developed into later, well recognized, stone
tool production technologies.

METHODS SUMMARY

Bone surfaces were examined under 38–80 magnifications with adjustable

incident light from a bifurcated light source. ESEM was used to further docu-

ment marks and to collect SEI/EDX data (see below) but was not needed for

diagnosis and identification. Here (and in Supplementary Information) the

nested terminology of Gifford-Gonzalez17 is used to draw inferential distinctions

between the actors responsible for producing the marks, the effectors used to

make the marks and causal action. A mark is considered high confidence in its

diagnosis to effector if it has all the criteria defined in the literature for that mark.

A distinction is made in mark diagnoses between general (stone tool, tooth, or

unidentifiable) and specific (cut mark versus percussion mark), with the caveat

that specific identifications are more tenuous given the overlap between per-

cussive and cutting damage indicated by these specimens.
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Figure 3 | Stone-tool-inflicted marks on DIK-55-3, a femur shaft of a size 2
young bovid. a, The exterior surface of DIK-55-3. The bone is oriented such
that the proximal end is to the right. Dashed rule, 4 cm. The location of
each of the surface marks is shown in close-up in b–i. b, Mark A (high-
confidence stone-tool-inflicted mark) under low-power optical
magnification shows clear microstriations indicative of cutting with a stone
tool; the yellow rectangle shows the position of c. c, ESEM image further
documenting microstriations. d, Mark G1 leading into the large area of
clustered damage designated mark D; D shows both stone-tool percussion
damage (shown in yellow rectangle that demarcates f) and recurrent cutting
by a stone tool. e, Continuation of mark D showing high-confidence stone-
tool-inflicted marks. f, ESEM image showing microstriations indicative of
stone tool action. g, ESEM image of the area indicated by the rectangle in h of
mark E showing microstriations indicative of stone tool action. c, f, g, Scale
bars, 100 mm. h, Mark E (high-confidence stone-tool-inflicted mark) under
low-power optical magnification possibly produced by a slicing motion from
the distal end. i, Marks H1 and H2 under low-power magnification, both
high-confidence stone-tool-inflicted marks; H1 is probably a percussion
mark and H2 is probably a cut mark. b–i, The direction of the femur head is
indicated by the black arrows on the scale, which is 5 mm. See
Supplementary Information for marks B, C, F and I, not shown here.

a

b

d e

c

Mark A1 and A2

Mark A1

Mark B

Mark A2

Mark B

1 mm

Mark C

2 cm

1 mm

Figure 2 | Stone-tool-inflicted marks on DIK55-2, a rib of a probably size 4
or larger ungulate. a, The exterior surface of DIK-55-2, and the location of
each of the surface marks. The rib is oriented such that the rib head (broken
off) would be to the left. Dashed rule, 4 cm. b, Marks A1 and A2 (high-
confidence stone-tool cut marks) under low-power optical magnification;
the yellow rectangle demarcates c. Scale bar, 5 mm. c, ESEM image showing
microstriations indicative of cutting with a stone tool. Scale bar, 100 mm.
d, Mark B (high-confidence stone-tool-inflicted mark) under low-power
optical magnification, indicative of a cutting and scraping action or
percussion; the yellow rectangle demarcates e. Scale bar, 5 mm. e, ESEM
image showing microstriations indicative of stone tool action. Scale bar,
500mm. b–e, The direction of the rib head is indicated by the black arrows.
See Supplementary Information for the details of mark C.
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Modern collection damage was assessed visually and chemically. The patina
inside the surface marks resembles the surface patina and not the lighter colour

of the interior fossil bone made visible by some modern damage on the ends. The

elemental composition, measured with EDX spectrometry, of the marks and

adjacent surfaces indicates that fossilization occurred after mark formation

(Supplementary Information). EDX spectrometry was also applied to a rock

fragment, probably of igneous origin, embedded in one mark (Supplementary

Information). The marks were assessed for criteria described as indicative of

biochemical damage18,19 and of trampling20,21 and found to lack key criteria

(Supplementary Information). Finally, we used well known and described mor-

phological criteria9,18,19,22–27 to distinguish between cut marks, percussion marks

and tooth marks. Further comparisons were made to experimentally generated

stone cut-marked, percussion-marked and carnivore-tooth-marked com-

parative specimens. Identifications were blind tested for correspondence

between three experienced taphonomists and zooarchaeologists who examined

the specimens under the same light-microscope conditions. The results showed a

high correspondence and agreement that most marks were stone-tool inflicted

(Supplementary Information).
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Social learning promotes institutions for governing
the commons
Karl Sigmund1,2, Hannelore De Silva3, Arne Traulsen4 & Christoph Hauert5

Theoretical and empirical research highlights the role of punish-
ment in promoting collaborative efforts1–5. However, both the
emergence and the stability of costly punishment are problematic
issues. It is not clear how punishers can invade a society of defec-
tors by social learning or natural selection, or how second-order
free-riders (who contribute to the joint effort but not to the sanc-
tions) can be prevented from drifting into a coercion-based regime
and subverting cooperation. Here we compare the prevailing
model of peer-punishment6–8 with pool-punishment, which con-
sists in committing resources, before the collaborative effort, to
prepare sanctions against free-riders. Pool-punishment facilitates
the sanctioning of second-order free-riders, because these are
exposed even if everyone contributes to the common good. In
the absence of such second-order punishment, peer-punishers
do better than pool-punishers; but with second-order punish-
ment, the situation is reversed. Efficiency is traded for stability.
Neither other-regarding tendencies or preferences for reciprocity
and equity, nor group selection or prescriptions from higher
authorities, are necessary for the emergence and stability of rudi-
mentary forms of sanctioning institutions regulating common
pool resources and enforcing collaborative efforts.

Many economic experiments on ‘public goods games’ (PGGs)
have shown that a substantial fraction of players are willing to incur
costs to impose fines on exploiters, that is, those who do not con-
tribute to the joint effort1–8. As a consequence, the threat of punish-
ment looms credibly enough to increase the average level of pro-
social contributions. However, the sanctioning system is itself a pub-
lic good. Thus, punishers are often seen as altruistic, because others
benefit from their costly efforts9–13. Conversely, those who refrain
from punishing exploiters are ‘second-order free-riders’. Among
self-interested agents, second-order free-riding should spread and
ultimately cause the collapse of cooperation.

A solution is to punish second-order free-riders also14. But such
‘second-order punishment’ risks being subverted by third-order free-
riders in turn, leading to infinite regress. Moreover, if everyone con-
tributes to the public good, second-order free-riders will not be spot-
ted. Their number can grow through neutral drift, ultimately
allowing defectors to invade with impunity. We show how a simple
mechanism can overcome this problem.

There exist a variety of sanctioning systems. Most experiments on
public goods with punishment have considered peer-punishment:
after the PGG, individuals can impose fines on exploiters, at a cost
to themselves. Interestingly, the first experiment on public goods
with punishment15 considered a different mechanism: players decide
whether to contribute to a ‘punishment pool’ before contributing to
the public goods. This can be viewed as a first step towards an insti-
tutionalized mechanism for punishing exploiters, and compared
with the self-financed contract enforcement games in Governing the

Commons16. It is like paying towards a police force, whereas peer-
punishers take law enforcement into their own hands.

Peer- and pool-punishment are both expensive ways to impose
negative incentives on free-riders. In many economic experiments,
the increase in cooperation is more than matched by the costs of
punishment, and an overall reduction of total pay-off is observed8,9.
Because the costs of pool-punishment arise even when there are no
exploiters to be punished, it seems even more socially expensive than
peer-punishment. However, the issue of second-order punishment
favours pool-punishment. If everyone contributes to the public good,
then peer-punishers are not distinguishable from second-order free-
riders. By contrast, pool-punishers declare themselves beforehand.
We may expect that pool-punishment leads more easily to a second-
order punishment regime and, hence, to more stability.

Because sanctioning institutions, as known from social history,
usually forbid individuals to take the law into their own hands, it is
also worthwhile to investigate the competition between peer- and
pool-punishment. A model based on evolutionary game theory
shows that both peer- and pool-punishment can emerge, if participa-
tion in the joint effort is optional rather than compulsory. Pool-
punishment requires second-order punishment, whereas peer-pun-
ishment is little affected by it. Both sanctioning mechanisms can
evolve if players simply imitate whatever yields the highest pay-off.
If peer-punishers compete with pool-punishers, all depends on sec-
ond-order punishment. Without it, the population is dominated by
peer-punishers. With it, pool-punishers take over, although the aver-
age income is thereby reduced.

A ‘punishment fund’ can be viewed as a rudimentary institution to
uphold the common interest. Many small-scale societies use this
principle, for instance by hiring an enforcer. In Governing the
Commons16, several examples of self-financed contract enforcement
are described. They concern the provisioning and the appropriation
of common resources, for instance high mountain meadows (the
‘commons’), irrigation systems or inshore fisheries. Our model
shows that individuals can spontaneously adopt a self-governing
institution to monitor contributions and sanction free-riders. It
needs no top-down prescriptions from higher authorities, nor great
feats of planning: trial and error, and the imitation of successful
examples, can lead to a social contract among individuals guided
by self-interest.

To model a PGG, we assume that if N $ 2 individuals participate in
the interaction, each can decide whether to contribute a fixed
amount, c . 0, to the common pool. This amount will be multiplied
by a factor of r . 1 and then divided among the N 2 1 other players. If
all contribute, they obtain (r 2 1)c each. Because contributors do not
benefit from their own contribution, self-interested players ought to
contribute nothing. If all do this, their pay-off will be zero. This
reveals a social dilemma.

1Faculty of Mathematics, University of Vienna, A-1090 Vienna, Austria. 2International Institute for Applied Systems Analysis, A-2361 Laxenburg, Austria. 3WU (Vienna University of
Economics and Business), A-1090 Vienna, Austria. 4Max Planck Institute for Evolutionary Biology, 24306 Ploen, Germany. 5Department of Mathematics, University of British
Columbia, Vancouver, British ColumbiaV6T 1Z2, Canada.
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Pool-punishers not only contribute c to the PGG, but also, before-
hand, an amount, G, to a punishment pool. Free-riders will be fined
an amount, BNv, proportional to the number, Nv, of pool-punishers.
In the case of second-order punishment, second-order free-riders
will be fined the same amount. Peer-punishers contribute c to the
PGG, and after the game impose a fine, b, on each free-rider in their
group, at a cost c. If Nw peer-punishers are in the group, each defector
pays a total fine bNw. In case of second-order punishment, second-
order defectors are treated just like defectors.

Let us assume that the game is not compulsory11,17. Some players
may abstain from the joint enterprise. They can do something else
instead, and earn a pay-off, s, independent of what others are doing.
If only one player is willing to engage in the joint effort, there will be
no PGG and the solitary would-be participant also earns s.

Let M denote the population size; X the number of players who
participate in the PGG and contribute, but do not punish; Y the
number of defectors, who participate but contribute neither to the
PGG nor to the sanctions; Z the number of non-participants; V the
number of pool-punishers; and W the number of peer-punishers.
Random samples of N individuals are faced with the opportunity
of a joint enterprise. Social learning leads to preferential copying of
successful strategies. We obtain their long-run frequencies by numer-
ical simulations (compare with Figs 1, 2 and 3). In a limiting case, we
obtain analytic results (Supplementary Information) that we now
describe.

Let us first neglect peer-punishment, and assume that the pay-off,
s, for non-participants lies between zero (obtained if all free-ride)
and (r 2 1)c 2 G (obtained if all contribute to the PGG and the
punishment pool). The inequality

0vsv(r{1)c{G ð1Þ
highlights that participating in the joint enterprise is a venture that
succeeds if most participants contribute and fails if most do not.

In the absence of second-order punishment, the long-run frequen-
cies in the (X, Y, Z, V) subpopulations are (2, 2, 2, 1)/7 and little
cooperation is achieved. With second-order punishment, the corres-
ponding long-run frequencies are (0, 0, 0, 1).The population is domi-
nated by pool-punishers enforcing cooperation. If the game is
compulsory (that is, Z 5 0), the population consists of free-riders only.

Alternatively, if we neglect pool-punishment, and assume that

0vsv(r{1)c ð2Þ

the long-run frequencies in the (X, Y, Z, W) subpopulations are (2, 2,
2, M 1 2)/(M 1 8) and punishers prevail, with or without second-
order punishment. Again, if the game is compulsory, only free-riders
survive in the long run.

In the competition between peer- and pool-punishers without
second-order punishment, peer-punishers win. The long-run fre-
quencies in the (X, Y, Z, V, W) subpopulations are (6, 6, 4, 1,
3M 1 6)/(3M 1 23). With second-order punishment, pool-punish-
ers win, and the corresponding frequencies are (0, 0, 0, 1, 0).

Repression of free-riding is a basic theme for several major transi-
tions in evolution18, and can lead to evolutionarily stable strategies
allocating part of the contribution towards suppressing competi-
tion19. In human societies, sanctions are ubiquitous4,16,20,21. Peer-
punishment emerges more easily than pool-punishment, because it
requires no second-order punishment, and inequality (2) is weaker
than inequality (1). But with second-order sanctions, pool-punish-
ment out-competes peer-punishment, despite being socially expens-
ive. Both types of punishment only emerge, in our model, if players
can opt out of the joint enterprise. This restricts the range of applica-
tions22,23. However, there is considerable evidence that cooperation
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Figure 1 | Time evolution of the competition between peer-punishment and
pool-punishment. Two typical individual-based simulation runs, without
(a) and with (b) second-order punishment. In a, peer-punishers prevail most
of the time, but sometimes second-order free-riders invade. In this case,
defectors and then non-participants take over before peer-punishment is re-
established. In b, pool-punishers eventually establish a very stable regime.
Parameters: N 5 5, r 5 3, c 5 1, s 5 1, c 5 b 5 0.7, B 5 G 5 0.7, M 5 100
and m 5 1023. The updating is by strong imitation (s R 1‘); that is, players
with lower average pay-off always imitate players with higher average pay-
off. The initial population consists of defectors only.
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Figure 2 | Pool-punishment in compulsory and voluntary PGGs. Results of
extensive simulations based on social learning (Supplementary
Information). To obtain reliable average frequencies, each player updates
107 times. Data points are supported by analytical approximations (solid
lines). Parameters are as in Fig. 1, but with m 5 1026 and with variable
imitation strength, s. For small s values, updating is mostly random and
frequencies of all strategies are roughly equal. Discrimination between
strategies increases with s. a, Compulsory PGGs lead for larger s values to a
regime of defectors. b, In voluntary PGGs, the cycle X R Y R Z R X
provides an escape from of the defectors’ regime through recurrent
opportunities to establish a sanctioning system with second-order
punishment.
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Figure 3 | The competition between peer- and pool-punishers in voluntary
PGGs. a, Without second-order punishment, peer-punishers prevail but
cooperation keeps breaking down and needs to be re-established (compare
with Fig. 1a). b, With second-order punishment, pool-punishers prevail.
Simulations and parameters are as in Fig. 2.
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can increase, if participation is voluntary rather than compulsory24–26

(see Supplementary Information for an intuitive explanation).
Many early experiments on public goods with punishment termi-

nated after six or ten rounds, and although punishment usually
increased the propensity to cooperate, the overall income was often
less than without punishment2,8,9. But if the number of rounds is
sufficiently large, cooperation becomes common3. As long as players
avoid antisocial punishment of contributors5 (a feature not included
in our model), peer-punishment becomes cost free. Pool-punish-
ment entails fixed costs and thus is less efficient. However, peer-
punishment is ill-suited for second-order punishment, as has also
been observed empirically27. Pool-punishment is more conducive to
second-order punishment. A sanctioning institution should view
anyone not contributing to its upkeep as a defector and resort to
second-order punishment. Adding second-order punishment may
add to the cost of sanctioning, but as long as inequality (1) holds,
the results are unaffected.

Experimental PGGs allowing players to opt, from round to round,
between treatments with or without peer-punishment28, or to vote on
whether to forbid antisocial punishment29, suggest intermediary
stages towards pool-punishment. Further steps towards endogenous
institution formation are analysed in refs 23, 30. We considered
players motivated entirely by self-interest, and did not assume pre-
ferences for reciprocity or equity21. This obviously does not mean
that such preferences do not exist. Their emergence may actually have
been favoured by the prevalence of sanctioning institutions over
thousands of years.

We left out many important issues, such as quorum-sensing and
signalling, reputation and opportunism, repeated interactions and
graduated punishment, and did not specify how pool-punishment is
actually set up. Our model is minimalistic, but allows proof of prin-
ciple. Origins of institutions are notoriously difficult to trace, but we
have shown that they can emerge spontaneously among self-inter-
ested individuals.

METHODS SUMMARY
We apply evolutionary game theory to populations of fixed size, M, and variable

composition, X, Y, Z, V and W (the numbers of players using the five strategies

for the optional PGG with peer- or pool-punishment). We compute the pay-offs

obtained by players using these strategies. The pay-off differences define the

probabilities that the strategies are copied through social learning, as a function

of a parameter, s $ 0, measuring ‘imitation strength’. Together with an ‘explora-

tion rate’, m $ 0, which specifies the propensity to switch randomly to another
strategy, this defines a stochastic process describing the evolution of the frequen-

cies X, Y, Z, V and W. We compute their stationary distributions (which corre-

spond to the relative frequencies in the long run) both numerically and, in a

limiting case, analytically, and check these values by individual-based simula-

tions. This allows us to compare the evolution of any subset of the five strategies

under social learning. For further details, see Supplementary Information.
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Amygdalar and hippocampal substrates of anxious
temperament differ in their heritability
Jonathan A. Oler1,3*, Andrew S. Fox2,4*, Steven E. Shelton1,3, Jeffrey Rogers5,6, Thomas D. Dyer6,
Richard J. Davidson1,2,3,4, Wendy Shelledy6, Terrence R. Oakes4, John Blangero6 & Ned H. Kalin1,2,3,4

Anxious temperament (AT) in human and non-human primates
is a trait-like phenotype evident early in life that is characterized
by increased behavioural and physiological reactivity to mildly
threatening stimuli1–4. Studies in children demonstrate that AT
is an important risk factor for the later development of anxiety
disorders, depression and comorbid substance abuse5. Despite its
importance as an early predictor of psychopathology, little is
known about the factors that predispose vulnerable children to
develop AT and the brain systems that underlie its expression. To
characterize the neural circuitry associated with AT and the extent
to which the function of this circuit is heritable, we studied a large
sample of rhesus monkeys phenotyped for AT. Using 238 young
monkeys from a multigenerational single-family pedigree, we
simultaneously assessed brain metabolic activity and AT while
monkeys were exposed to the relevant ethological condition that
elicits the phenotype. High-resolution 18F-labelled deoxyglucose
positron-emission tomography (FDG–PET) was selected as the
imaging modality because it provides semi-quantitative indices
of absolute glucose metabolic rate, allows for simultaneous mea-
surement of behaviour and brain activity, and has a time course
suited for assessing temperament-associated sustained brain res-
ponses. Here we demonstrate that the central nucleus region of the
amygdala and the anterior hippocampus are key components of
the neural circuit predictive of AT. We also show significant
heritability of the AT phenotype by using quantitative genetic
analysis. Additionally, using voxelwise analyses, we reveal signifi-
cant heritability of metabolic activity in AT-associated hippocam-
pal regions. However, activity in the amygdala region predictive of
AT is not significantly heritable. Furthermore, the heritabilities of
the hippocampal and amygdala regions significantly differ from
each other. Even though these structures are closely linked, the
results suggest differential influences of genes and environment
on how these brain regions mediate AT and the ongoing risk of
developing anxiety and depression.

Anxiety disorders are among the most common forms of psycho-
pathology6, and frequently begin during childhood and adolescence.
Although all children experience acute anxiety, children with AT display
extreme behavioural and physiological reactivity to novel stimuli, and
in the presence of strangers inhibit their locomotor activity and voca-
lizations3. Furthermore, children with AT are maladaptively shy and
chronically suffer from worry and apprehension. Some children with
AT also exhibit increased pituitary–adrenal and autonomic activity4.
Identifying neural intermediate phenotypes of AT is a critical step
in elaborating how environmental and genetic factors influence
the development of anxiety and emotion related psychopathology.

Although AT is assumed to be partly heritable, the extent to which
genetic variation influences metabolic activity in the neural circuit that
underlies AT remains to be determined. We previously validated a non-
human primate model of AT7 and demonstrated that brain activity
assessed across stressful and non-stressful contexts predicted AT, reveal-
ing the stable trait-like characteristics of brain metabolic activity assoc-
iated with this disposition2.

To characterize the extent to which individual differences in AT-
related brain activity are heritable, we concomitantly assessed AT and
regional brain metabolism in 238 young rhesus monkeys (116 males,
122 females, mean age 2.4 years, range 0.74–4.2 years) belonging to a
multigenerational single-family pedigree of more than 1,500 indivi-
duals. The statistical power of an extended pedigree approach to quan-
titative genetic analysis is derived from the presence of substantial
numbers of closely related, more distantly related and unrelated pairs
that all contribute information about the effects of kinship (shared
genes) on phenotypic similarity (Supplementary Information).

Similar to AT in children, AT in monkeys was assessed by using
measures of threat-induced freezing behaviour and inhibited vocali-
zations, as well as plasma cortisol concentrations (Supplementary
Information). AT and brain metabolism were assessed when monkeys
freely behaved in a test cage by themselves for 30 min in a potentially
threatening situation in which a human ‘intruder’ entered the room
and stood 2.5 m from the cage8. During this time the intruder pre-
sented his profile to the monkey ensuring that he avoided eye contact
with the animal (no eye contact; NEC). Animals with the greatest AT
froze longer, vocalized less and had elevated plasma cortisol levels. The
rationale underlying the use of the NEC challenge is (1) it optimally
elicits the behaviours associated with the AT phenotype8, (2) increased
amygdala metabolism occurs during NEC2 and (3) selective dorsal
amygdala lesions attenuate NEC-induced behavioural and physio-
logical responses9.

To understand further the relation between regional brain activity
and AT, monkeys were injected with FDG immediately before NEC.
After NEC exposure, blood was collected for cortisol assessment and
monkeys were anaesthetized and placed in a high-resolution microPET
scanner to measure the FDG uptake that occurred during the NEC
challenge. FDG is a glucose analogue with a half-life of 110 min that is
trapped by metabolically active cells. Because the time course of FDG
uptake reflects brain activity over an approximate 30-min period, and
remains stably detectable in the brain, it is an ideal radiotracer to study
simultaneously behaviour and brain activity elicited by exposure to
ethologically relevant situations. Furthermore, FDG–PET allows
measurement of brain activity within a single condition, and, unlike
functional magnetic resonance imaging, it does not require a contrast

1Department of Psychiatry, University of Wisconsin-Madison, Madison, Wisconsin 53719, USA. 2Department of Psychology, University of Wisconsin-Madison, Madison, Wisconsin
53706, USA. 3HealthEmotions Research Institute, University of Wisconsin-Madison, Madison, Wisconsin 53719, USA. 4Waisman Laboratory for Brain Imaging and Behavior,
University of Wisconsin-Madison, Madison, Wisconsin 53705, USA. 5Baylor College of Medicine, Houston, Texas 77030, USA. 6Southwest Foundation for Biomedical Research, San
Antonio, Texas 78227, USA.
*These authors contributed equally to this work.

Vol 466 | 12 August 2010 | doi:10.1038/nature09282

864
Macmillan Publishers Limited. All rights reserved©2010

www.nature.com/nature
www.nature.com/nature
www.nature.com/doifinder/10.1038/nature09282


with a baseline signal. These features make FDG–PET particularly
useful in understanding the sustained brain responses associated with
temperament, which by definition is a persistent and relatively context-
independent disposition.

The results demonstrated highly significant correlations between
individual differences in AT and glucose metabolism within several
large clusters derived using the Šidák correction for multiple com-
parisons (left and right anterior temporal lobe, midline parietal

cortex, left and right visual cortex, right posterior thalamus and right
temporal parieto-occipital area; Table 1). The anterior temporal lobe
clusters (Fig. 1) are of particular interest because they contain the
amygdala, extended amygdala and anterior hippocampus, regions
consistently implicated in mediating emotional behaviour, fear-
related responses, and anxiety and depressive disorders1,10–14. Mean
glucose metabolism in the left and right anterior temporal lobe
clusters (residualized for age, sex and mean grey-matter probability)

Table 1 | Regions where regression analyses revealed that AT was significantly correlated with brain metabolism during the NEC challenge

Clusters correlated with anxious temperament Local maxima for distinct brain regions within clusters
Location relative to anterior

commissure (mm)

Direction of
correlation

Hemisphere Cluster Cluster volume
(mm3)

Regions within cluster Maximum
t value

x y z

Positive Right Anterior temporal lobe 850.8 Dorsal amygdala (CeA/
amygdalostriatal transition zone region)

7.68 12.500 20.625 28.750

Ventral putamen 7.40 14.375 25.625 28.125

Superior temporal sulcus (anterior) 7.17 18.750 20.625 211.250

Temporopolar cortex 6.68 19.375 5.000 28.125

Left Anterior temporal lobe 675.1 Anterior hippocampus 7.61 212.500 23.750 29.375

Ventral putamen/posterior amygdala 7.38 211.250 22.500 28.125

Mid-hippocampus 6.71 215.625 27.500 210.625

Claustrum 6.33 214.375 3.125 210.000

Superior temporal sulcus 6.08 218.750 0.625 28.125

Hypothalamus 5.75 21.875 24.375 26.875

Right Posterior thalamus 11.5 Pulvinar 5.75 10.625 215.625 1.250

Negative Crosses
midline

Parietal cortex 493.6 Intraparietal sulcus (right) 26.85 4.375 227.500 16.875

Precuneus (left) 26.69 23.125 229.375 15.000

V3 (right) 25.68 6.250 233.750 9.375

Left Visual cortex 455.8 V2 26.71 210.000 228.125 23.750

Parieto-occipital sulcus 25.96 23.750 236.875 1.875

V1 25.57 213.750 231.250 21.875

Right Visual cortex 287.1 V2 27.35 6.875 230.625 22.500

V3 25.56 11.250 231.875 26.875

Right Primary visual cortex 45.9 V1 25.98 3.125 243.750 23.750

Right Temporal parieto-occipital area 8.3 Superior temporal sulcus (posterior) 25.78 15.625 225.000 8.750

Data are presented with the direction of the correlation, hemisphere, brain regions involved and the volume of each AT-correlated cluster (thresholded at P ( 0.05, Šidák corrected). Also presented
are t values and location (in millimetres relative to the anterior commissure) of the voxel most significantly predictive of AT within each distinct brain region contained in the cluster.
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Figure 1 | Glucose metabolism in the anterior temporal lobes is predictive
of AT. a, Amygdala and e, hippocampus (significance of correlations:
yellow, P , 0.05; light orange, P , 0.01; dark orange, P , 0.001, adjusted for
multiple comparisons using the Šidák correction). Pink areas represent 95%
spatial confidence intervals of the peak correlations. b, f, Corresponding

slices adapted from ref. 31. ROI, region of interest. c, g, 5-HTT binding
differentiates the CeA region from the anterior hippocampus. d, The CeA,
defined by the 5-HTT map, encompasses the amygdala peak. h, The
hippocampal peak is distinct and does not overlap with the 5-HTT map.
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accounted for 24.4% and 27.5% of the variance in AT, respectively.
Because these clusters contain anatomically distinct brain structures,
we sought to specify the regions within the right and left anterior
temporal lobe clusters that most strongly predicted AT. The two
peaks maximally predictive of AT were in the lateral portion of the
right dorsal amygdala (r 5 0.44, P 5 2.38 3 10213; Figs 1a and 2a),
which contains the central nucleus of the amygdala (CeA) and the
amygdalostriatal transition zone, and in the left hippocampus
(r 5 0.45, P 5 8.3 3 10213; Figs 1e and 2b). No effects of sex or
laterality were observed in any of the reported correlations (all P
values . 0.10), nor were there any significant main effects of sex on
the components of AT (all P values . 0.10).

The amygdala and hippocampus work in concert in mediating
emotion-modulated memory15; however, it is important to emphasize
that these structures uniquely contribute to other aspects of emotional
processing. For example, hippocampal lesions in rats and rhesus
monkeys produce alterations in anxious behaviour that are distinct
from the effects of amygdala lesions16–18. As the dorsal amygdala and
anterior hippocampus are adjacent structures, calculating the spatial
confidence intervals around the voxels containing the maximum t
values further delineated the locations of these peaks. The confidence
intervals represent volumes that with 95% certainty contain the peak
correlations between metabolic activity and AT (Supplementary
Information). To demarcate further the location of these peaks, the
volumes contained within these confidence intervals were super-
imposed on a voxelwise map of [11C-DASB]serotonin transporter (5-
HTT) binding created from an independent sample of rhesus monkeys
(Supplementary Information). This 5-HTT map, thresholded at 3250

background binding, can be used to localize precisely the CeA and
differentiate it from the anterior hippocampus, because compared with
surrounding regions the lateral division of the CeA has the highest
density of 5-HTT binding19. As can be seen in Fig. 1a–d, the 95%
confidence interval of the right dorsal amygdala encompasses the lateral
region of the right CeA and the laterally adjacent amygdalostriatal
transition zone. Anatomical studies show that the amygdalostriatal
transition zone shares many similarities with the CeA, and may represent
a posterior division of the ventral striatum/extended amygdala13. The
left hippocampal 95% confidence interval does not overlap with the
lateral CeA region as defined by 5-HTT binding, further confirming
the spatial dissociation between the dorsal amygdala and anterior
hippocampal regions predictive of AT (Fig. 1e–h).

To estimate the heritability of AT, the pedigree relationships and
individual phenotype measures were used in maximum-likelihood
variance component analyses computed using SOLAR (Supplemen-
tary Information). Consistent with previous findings in rhesus
monkeys20, as well as studies of human anxiety21, AT was significantly
heritable (h2 5 0.36, P 5 0.015). A voxelwise heritability analysis for
brain activity was performed using SOLAR controlling for the poten-
tial confounds of age, age-squared and sex. Analyses were limited to
those voxels within the FDG clusters that were significantly predictive
of AT. Because previous studies demonstrated that heritable indi-
vidual differences in brain structure relate to stress reactivity22, grey-
matter probability was also included as a voxelwise covariate.
Glucose metabolic activity was significantly heritable in voxels in

a

b

P
ea

k 
FD

G
 u

p
ta

ke
 (s

ta
nd

ar
d

iz
ed

 r
es

id
ua

ls
) Anterior hippocampus metabolism and AT

Dorsal amygdala metabolism and AT

0 1 32–1–3

–3

–2

–1

0

1

2

3

4

–4

–3

–2

–1

0

1

2

3

4

–4

–2
AT (standardized residuals)

P
ea

k 
FD

G
 u

p
ta

ke
 (s

ta
nd

ar
d

iz
ed

 r
es

id
ua

ls
)

0 1 32–1–3 –2
AT (standardized residuals)

Figure 2 | Peak correlations between AT and glucose metabolism in the
anterior temporal lobe. a, Voxel within the amygdala (Fig. 1a) reflecting the
peak correlation between metabolism and AT (r 5 0.44, P 5 2.38 3 10213)
and b, voxel within the hippocampus (Fig. 1e) reflecting the peak correlation
between metabolism and AT (r 5 0.45, P 5 8.3 3 10213). Values for 18F-
labelled deoxyglucose were extracted from each animal, residualized for the
effects of age, sex and grey-matter probability, and plotted against individual
differences in AT.
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Figure 3 | Overlap between regional metabolic activity predictive of AT
and regions that are significantly heritable. a, b, No significantly heritable
voxels were observed in the dorsal amygdala region, although within the
same slice significant heritability was detected in the superior temporal
sulcus. c, Glucose metabolism was significantly heritable in both the right
and left hippocampus, d, where it overlaps with the left anterior
hippocampal region that correlated with AT (yellow, regions predictive of
AT from Fig. 1; dark green to light green, false discovery rate: q , 0.05,
q , 0.01, q , 0.001).
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the anterior temporal lobe clusters (Fig. 3) as well as in the other
clusters predictive of AT (Supplementary Information). Within the
anterior temporal lobe clusters, significantly heritable regions were
found bilaterally in the hippocampus (right-sided maximally signifi-
cant heritable voxel: h2 5 0.65, P 5 3.83 3 1025; left sided maximally
significant heritable voxel: h2 5 0.76, P 5 3.4 3 1026) and in the right
superior temporal sulcus (maximally significant heritable voxel:
h2 5 0.46, P 5 5.92 3 1023). No significantly heritable voxels were
observed in the amygdala regions predictive of AT (Fig. 3). As with
any null finding, the possibility exists that significant heritability of
amygdala metabolic activity could be detected with a larger sample.

The heritability estimates for the peak AT-predictive hippocampal
and amygdala voxels were h2 5 0.52 (P 5 0.001) and h2 5 0.02
(P 5 0.454), respectively. To test whether the heritability of meta-
bolic activity in these hippocampal and amygdala AT-predictive
voxels significantly differed from each other, a model that allowed
the two heritability estimates of these voxels to vary independently
was compared with a model that constrained the heritability esti-
mates to be equal. The observed difference in heritability between
the hippocampal and amygdala peak voxels was 0.518 (95% CI
0.238–0.799). Results confirmed that the heritability of metabolic
activity in the anterior hippocampal voxel was significantly greater
than that in the dorsal amygdala voxel (x2 5 6.08, d.f. 5 1,
P , 0.0137). A similar difference in heritability was found for the
amygdala and hippocampal regions defined by the 95% spatial con-
fidence intervals of the most AT-predictive peaks (x2 5 6.24, d.f. 5 1,
P , 0.0125). For these regions the observed difference in heritability
was 0.508 (95% CI 0.218–0.798). These results suggest that the
heritable risk of developing AT is more likely to be related to hippo-
campal, and not amygdala, metabolic activity when assessed during
the NEC condition. Given that the amygdala and anterior hippocam-
pus are anatomically linked, and are both highly predictive of AT, we
did not expect the heritability of these regions to be dissociable.
Demonstrating differential heritability between these two closely
related structures is highly valuable as it provides new insight into
the neural circuits underlying AT. Additionally, it establishes a model
system that can be used to investigate further the genetic and environ-
mental mechanisms that may differentially affect amygdala and hip-
pocampal function relevant to the development of anxiety-related
psychopathology. Because heritability estimates are influenced by
context, environmental variation and population characteristics
including age23,24, it is possible that greater heritability of amygdala
function would be detected when examining different phenotypes,
other developmental stages, or when using different models to under-
stand other amygdala-dependent functions.

The lack of significant additive genetic effects (heritability) observed
in the amygdala region may appear to be inconsistent with the
numerous reported effects of single genes, most notably the repeat
length polymorphism in the promoter region of the serotonin trans-
porter gene (5HTTLPR), on emotion-related amygdala reactivity25–28.
Most of these single-gene effects are context dependent, revealed by
comparing acute changes in amygdala reactivity to a baseline state. In a
previous study, with a considerably smaller sample of monkeys, we
demonstrated such context-dependent effects of the 5HTTLPR on
amygdala metabolic activity by comparing an activated state with a
baseline condition29. To understand further the similarities between
the current model and those demonstrating influences of single genes
on amygdala reactivity, animals were genotyped for the 5HTTLPR and
measured genotype analyses, sensitive to effects of single genes, were
performed. Results demonstrated no significant effect of the
5HTTLPR on either AT (P 5 0.271) or metabolism in the amygdala
and hippocampal regions predictive of AT (false discovery rate
q . 0.05). These data are consistent with a recent large-sample human
study that failed to demonstrate a relation between the 5HTTLPR and
resting amygdala activity as measured using perfusion imaging with
arterial spin labelling, which, like FDG–PET, does not require a com-
parison condition30. These findings emphasize the importance of

distinguishing between studies assessing sustained trait-like brain res-
ponses associated with AT and those investigating acute reactivity of
the amygdala in relation to adult anxiety.

Although the amygdala and hippocampus have been recognized as
important in emotion and psychopathology, few data exist regarding
the role of these regions in the development of temperamental dis-
positions such as AT. Recent theories have implicated the amygdala
in mediating acute fear and vigilance11,12, whereas the hippocampus
has primarily been linked to mechanisms underlying declarative mem-
ory15. Of interest, earlier theorists emphasized the septo-hippocampal
system as being central to anxiety and specifically involved in threat-
related behavioural inhibition10. The current findings provide support
for an important role of the anterior hippocampus in the development of
anxious dispositions16,17, and suggest that the highly interconnected
regions of the hippocampus and amygdala are differentially influenced
by genetic and environmental factors. These data support a new model
combining measures of metabolic brain activity with ethologically
relevant behavioural challenges to discover genes that mediate the endo-
phenotype underlying the risk of developing anxiety and depression.

METHODS SUMMARY

Functional and structural (magnetic resonance imaging) brain data for each

animal were co-registered to a standard space based on an age-appropriate

template of the rhesus monkey brain. Whole-brain linear regression analyses

examined the relations between FDG uptake and AT. To account for potential

confounds, age and sex were included in the regression model as covariates.

Grey-matter probability was also included as a voxelwise covariate to account

for the possibility that structural differences affected the relation between brain

metabolic activity and AT. The resulting three-dimensional t-map was corrected

for multiple comparisons using the Šidák equation (1 2 (1 2a)1/n), which is

similar to the Bonferroni method and determined the statistical threshold of

P 5 0.05, corrected (t . 5.47). To estimate the heritability of AT, phenotypic

covariance/correlation among pairs of relatives was modelled as a function of

expected pairwise kinship values to estimate the magnitude of additive genetic

variance relative to that of the observed phenotypic variance. Age, age-squared

and sex were included in the mean effects model as covariates to control for these

potential confounds. The resulting heritability data were corrected for multiple

comparisons based on the total volume of all the clusters correlated with AT

using a false discovery rate (q 5 0.05). Measured genotype analyses use the same

variance-components approach as the heritability analyses, and were implemented

using SOLAR. Measured genotype analyses simultaneously estimate the effect of

specific genotypic differences among animals and the overall effect of pairwise

kinship, thus testing for the effect of a single polymorphism while accounting

for background allele sharing across the genome owing to genealogical relatedness.

Full details of the methods and associated references are presented in the Sup-

plementary Information.
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Diverse somatic mutation patterns and pathway
alterations in human cancers
Zhengyan Kan1,2, Bijay S. Jaiswal1, Jeremy Stinson1, Vasantharajan Janakiraman1, Deepali Bhatt1, Howard M. Stern3,
Peng Yue2, Peter M. Haverty2, Richard Bourgon2, Jianbiao Zheng4, Martin Moorhead4, Subhra Chaudhuri1,
Lynn P. Tomsho5, Brock A. Peters1, Kanan Pujara1, Shaun Cordes1, David P. Davis1, Victoria E. H. Carlton4,
Wenlin Yuan1, Li Li2, Weiru Wang6, Charles Eigenbrot6, Joshua S. Kaminker2, David A. Eberhard3, Paul Waring3,
Stephan C. Schuster5, Zora Modrusan1, Zemin Zhang2, David Stokoe1, Frederic J. de Sauvage1, Malek Faham4

& Somasekar Seshagiri1

The systematic characterization of somatic mutations in cancer
genomes is essential for understanding the disease and for devel-
oping targeted therapeutics1. Here we report the identification of
2,576 somatic mutations across 1,800 megabases of DNA repre-
senting 1,507 coding genes from 441 tumours comprising breast,
lung, ovarian and prostate cancer types and subtypes. We found
that mutation rates and the sets of mutated genes varied substan-
tially across tumour types and subtypes. Statistical analysis iden-
tified 77 significantly mutated genes including protein kinases,
G-protein-coupled receptors such as GRM8, BAI3, AGTRL1 (also
called APLNR) and LPHN3, and other druggable targets.
Integrated analysis of somatic mutations and copy number altera-
tions identified another 35 significantly altered genes including
GNAS, indicating an expanded role for Ga subunits in multiple
cancer types. Furthermore, our experimental analyses demon-
strate the functional roles of mutant GNAO1 (a Ga subunit) and
mutant MAP2K4 (a member of the JNK signalling pathway) in
oncogenesis. Our study provides an overview of the mutational
spectra across major human cancers and identifies several poten-
tial therapeutic targets.

Identification of mutated cancer genes has provided insights into
the biological processes underlying tumorigenesis1. Large-scale studies
published so far have primarily used Sanger sequencing to identify
mutations2–9. These studies were conducted on either a small number
of samples across the entire coding genome or a larger number of
samples across a small number of coding genes2–9. In this study, we
used mismatch repair detection (MRD) technology10,11 (Methods) to
identify somatic mutations in 441 human primary tumour samples
comprising 183 breast (59 HER21, 65 hormone receptor (HR; ER/
PR)1 and 59 triple negative (ER/PR/HER2 negative)), 134 lung (57
non-small-cell lung cancer (NSCLC) adenocarcinoma (adeno), 63
NSCLC squamous, 5 small cell lung cancers (SCLC) and 9 poorly
differentiated tumours designated as ‘others’), 58 ovarian, 58 prostate
and 8 pancreatic cancers (Supplementary Fig. 1 and Supplemen-
tary Table 1) across the coding exons and flanking splice sites of 1,507
genes (Supplementary Table 2). The 1,507 candidate genes spanned
,4 megabases (Mb) of DNA and comprised known cancer genes and
druggable genes that included protein kinases, E3 ligases, deubiquiti-
nases (DUBs), G-protein-coupled receptors (GPCRs) and other
enzymes. A total of ,1,800 Mb of tumour DNA sequences was success-
fully analysed for the presence of tumour-specific nucleotide changes

after MRD sorting10,11, variation prediction and mass spectrometric
validation (Methods and Supplementary Fig. 2). Although MRD can
detect variations that are as low as ,1% in abundance12, it is not efficient
in detecting insertions/deletions (indels)10 that typically are a small
proportion of the somatic mutations3–9, and hence this class of mutation
was not included in our analysis.

A total of 2,576 somatic mutation events were identified in 967 of
the 1,507 genes studied (Supplementary Table 3 and Supplementary
Fig. 3), including 1,833 missense, 538 synonymous, 141 nonsense and
64 canonical splice-site changes. Of the 2,576 somatic mutations
identified, 95% (2,449) have not been previously reported in
COSMIC13 or in any of the recent large cancer studies3–9. A total of
37 recurrent mutations in 13 genes were found, of which mutations
in EPHB1, GSK3B and RUNX1T1 were previously unknown (Sup-
plementary Table 3). Furthermore, computational analysis using five
different methods at the individual mutation level predicted 19% of
the mutations to have a potential functional effect based on positive
predictions from a majority of the methods applied (Supplementary
Table 4 and Supplementary Fig. 4). Notably, this subset of mutations
predicted to be functionally relevant were also enriched in signifi-
cantly mutated candidate cancer genes (Supplementary Fig. 5).

Of the 441 tumours studied, 85% (377) carried one or more
protein-altering mutation in the 1,507 genes studied. Among tumours
with mutations, 91 carried a single mutation and another 225 had
between two and nine mutations. The remaining 61 tumours, none of
which was mismatch-repair defective (Supplementary Table 1), con-
tained 10 or more mutations, with one lung adenocarcinoma tumour
carrying 39 mutations (Supplementary Fig. 1). On average, the
tumours analysed contained 1.8 protein-altering mutations per Mb
of DNA, with individual cancers and subtypes showing wide devia-
tions from this background rate (Supplementary Fig. 1). Among
the tumour types analysed, we found lung adenocarcinomas and
squamous carcinomas to have high protein-altering mutation rates
of 3.5 and 3.9 per Mb, respectively. In contrast, prostate cancers, where
,75% carried the TMPRSS2–ERG gene fusion14, had a low mutation
rate of 0.33 per Mb.

Statistical approaches can be used to identify significantly mutated
cancer genes15, although they may not capture rare functionally rel-
evant changes. Applying a Poisson probability-based approach16 we
identified 77—19 in lung squamous carcinoma, 18 in lung adeno-
carcinoma, 5 in small cell lung cancer, 10 in HR1 breast, 6 in HER21

1Department of Molecular Biology, Genentech Inc., 1 DNA Way, South San Francisco, California 94080, USA. 2Department of Bioinformatics, Genentech Inc., 1 DNA Way, South San
Francisco, California 94080, USA. 3Department of Pathology, Genentech Inc., 1 DNA Way, South San Francisco, California 94080, USA. 4Affymetrix Inc, 3420 Central Expressway,
Santa Clara, California 95051, USA. 5Pennsylvania State University, Center for Comparative Genomics and Bioinformatics, 310 Wartik Lab, University Park, Pennsylvania 16802, USA.
6Department of Protein Engineering, Genentech Inc., 1 DNA Way, South San Francisco, California 94080, USA.
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breast, 5 in triple negative breast, 9 in ovarian, 2 in pancreatic and 3 in
prostate cancers (Supplementary Table 5)—as having significant pre-
valence of protein-altering mutations, with a q-score $1.0 (#10%
false discovery rate; see Methods). Furthermore, the set of signifi-
cantly mutated genes varied across each tumour type and subtype,
indicating the complexity of the genetic mechanisms underlying
carcinogenesis (Fig. 1). We further confirmed the relevance of the
significantly mutated cancer genes by analysing 50 additional lung
squamous carcinoma samples for somatic mutations in 18 genes
using 454-sequencing. We identified and validated 56 additional
somatic mutations and found that the frequency of mutations in this
prevalence screen was comparable to that seen in the primary screen
for a majority of the significantly mutated novel cancer genes includ-
ing GRM8, BAI3 and KEAP1 (Fig. 2, Supplementary Fig. 6 and
Supplementary Table 6).

Among the major class of genes found to be mutated were the
kinases where we found 315 mutations in 157 of the 230 protein
kinases studied, including mutations in 49 receptor tyrosine kinases
(RTKs). In particular, we found 27 distinct somatic mutations in 11
ephrin receptors, 22 of which were from lung cancers (Supplemen-
tary Fig. 7).

In addition to kinases, we examined a total of 156 GPCRs and
found 87 to be mutated. Of the 87 genes, 13 were significantly
mutated, including LPHN3, GRM8, CMKLR1, MAS1L, AGTRL1
and PTGFR (Fig. 2a and Supplementary Tables 4 and 5). GRM8 is
a member of the metabotropic receptor family that is implicated in
cancer17. GRM8 was mutated in 8% (5 of 63 or 9 of 103) of NSCLC
squamous subtype tumours and GRM1 in 7% (4 of 57) of NSCLC
adenocarcinomas (Fig. 2a and Supplementary Fig. 8). In addition to
GRM, we found mutations in BAI3, a member of the brain-specific
angiogenesis inhibitor (BAI)18 family of GPCR, to be significantly
mutated in lung cancers (13% in lung squamous and 5% in lung
adenocarcinoma). BAI1 and BAI2 were also mutated in breast, lung
and ovarian cancers at a lower frequency (Fig. 2b).

To gain a more complete understanding of the mutations relevant
to cancer, we performed an integrated analysis by combining com-
parative genome hybridization array (CGH)-derived copy number

alteration profiles obtained for a majority of the tumours screened
for somatic mutations. Analysis of this data in combination with the
mutation data using alteration q-score, a statistical significance mea-
sure (Methods), identified 35 additional cancer genes which included
GNAS, STK11 and EPHB1 (Supplementary Table 5). In particular,
GNAS—the G-protein a subunit, known to be associated with mul-
tiple human diseases, including some cancers3,19—besides being
mutated at R201, was also found to be amplified in 12% (6 of 49)
of ovarian cancers, 20% (10 of 50) of HER21 breast cancers and 13%
(7 of 53) of HR1 breast cancers (Fig. 3b, c). Furthermore, we found
several significantly mutated genes, and genes like RUNX1T1, SPOP
and GRM8 that carry mutations predicted to have functional effects,
to be amplified, indicating that these genes may function as onco-
genes (Fig. 3a and Supplementary Figs 9 and 10).

In addition to mutations in GNAS, we found the Ga subunit
GNAO1 to be mutated at residue R243, a position analogous to
GNAS residue R265, which is known to be mutated in Albright
hereditary osteodystrophy20. Furthermore, structural analysis pre-
dicted that this mutation is also likely to impair the GTPase activity
of GNAO1 (Fig. 3b), as does mutation at R201 in GNAS. Consistent
with this, when overexpressed in human mammary epithelial cells,
we found that the R243H mutation of GNAO1 promoted anchorage-
independent growth (Fig. 3d–f), possibly through STAT3 signal-
ling21. Recently, activating mutations in GNAQ, another Ga subunit,
in uveal and blue naevi were reported22. Together, these data indicate
that the Ga subunit alterations potentially have a more significant
role in cancers than previously thought.

In contrast to amplifications, genes showing recurrent copy number
losses typically have a role in tumour suppression. We found known
tumour suppressors such as NF1, FBXW7, PTEN and CDKN2A to be
frequently mutated or deleted in multiple cancers (Fig. 3a), expanding
the role of these tumour supressors in additional tumour types.

Understanding mutations in genes involved in signalling cascades
can aid the identification of pathways critical for tumorigenesis and
provide strategies for therapeutic intervention in specific tumour types.
Statistical evaluation of the combined prevalence of somatic mutations
and copy number alterations at the pathway level (Methods) found
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RTKs signalling together with the RAS/MAPK pathway (RTK/RAS) to
be one of the most significantly altered pathways across all cancer types,
except for prostate (Fig. 4a, b, Supplementary Fig. 11 and Supplemen-
tary Table 7). In addition to the RTK/RAS pathway we found the GPCR
pathway genes also to be significantly mutated in lung adenocarcinoma

and lung squamous carcinoma, and the JNK pathway to be significantly
mutated in HR1 breast cancer (Supplementary Table 7).

Because the JNK signalling pathway was significantly altered, we
studied the role of MAP2K4, a JNK pathway kinase, in oncogenic
signalling. Whereas the presence of homozygous MAP2K4 deletions
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in multiple cancers has indicated a tumour suppressor role for
MAP2K4, results from a few other studies have implicated an onco-
genic role for this kinase23. To understand the relevance of MAP2K4
somatic mutations identified in our study and others4,13,24,25 (Fig. 4b
and Supplementary Fig. 12), we stably expressed MAP2K4 mutants in
mammalian cells and tested them for transforming activity. We found
that several of the mutants promoted anchorage-independent growth
(Fig. 4c, d and Supplementary Fig. 12). However, a majority of
the MAP2K4 mutants showed reduced activity compared with the
wild-type kinase (Fig. 4f). Consistent with this, structural modelling
predicted the mutation at residue N234 to adversely affect kinase
function, given its role in ATP hydrolysis (Supplementary Fig. 12a).
Our data suggest that the MAP2K4 mutants potentially have a
dominant-negative role and promote anchorage-independent growth
in a manner similar to a synthetic dominant-negative MAP2K4 previ-
ously described26.

Recurrent mutations in cancers indicate a causal role for such
changes in oncogenesis. Combined analysis of our data, mutation
data from COSMIC13 and the recently published cancer genome
sequencing studies2–9,27 identified novel recurrent mutations in
HER2, NOTCH4, PIK3R1, PRKDC, TEK and PRKD1 (Supplemen-
tary Table 8). Interestingly, the recurrent mutated HER2 residue S310
lies in domain II of the extracellular region that mediates receptor
dimerization28 (Supplementary Fig. 13). Furthermore, residue S310
(288 in the published structure) is involved in interactions with a
therapeutic antibody that prevents HER2 dimerization29. Hence, the
recurrent S310 mutation probably alters the function of HER2,
further substantiating a previously proposed role for HER2 in lung
cancers30. Additionally, the recent demonstration of the functional
relevance of the recurrent PIK3R1 mutations in colon cancer27 and
glioblastomas5 further substantiates the relevance of recurrent
changes in cancer even when they occur at low frequency.

Our study represents a substantial expansion of the knowledge
base of cancer somatic mutations. Of the 845 genes with protein-
altering mutations identified in this study, 361 (43%), including 13
significantly mutated genes like TLR4, SPOP and NRG3, have not
previously been reported2–8,27. A recent study reported 26 signifi-
cantly mutated genes in lung adenocarcinoma identified by sequen-
cing 623 genes in 188 samples6. We have interrogated 22 of the 26
published significant lung adenocarcinoma genes in our lung adeno-
carcinoma samples and identified protein-altering mutations in 15
genes including known cancer genes—TP53, KRAS, EGFR and
STK11—and recently identified lung cancer genes—NF1, KDR,
NTRK3 and EPHA5. Moreover, our study identified somatic muta-
tions in an additional 239 genes outside the scope of the published
lung adenocarcinoma study6. The 239 genes included 12 significantly
mutated genes such as LPHN3, KEAP1, TLR4, GRM1 and GLI3
(Supplementary Table 9), thus expanding the list of lung adenocarci-
noma cancer genes.

The diverse spectrum of mutational and genomic changes from
large-scale sequencing studies, including this, show that each tumour
is unique even within a given type and subtype. Understanding the set
of changes at the individual patient level will enable personalized
treatment. Furthermore, patient selection based on tumour muta-
tional profile and genomic alterations for clinical drug testing will be
critical for successful development of new treatments.

METHODS SUMMARY
Frozen human tumour tissue with patient-matched frozen normal tissue was

procured from commercial vendors with appropriate institutional approval.

Tumour tissues with $50% viable neoplastic cell content were used for nucleic

acid isolation. Tumour DNA was scanned for mutations using MRD and the

predicted somatic mutations were further validated by nucleic acid mass spec-

trometry (Supplementary Fig. 2). Tumour samples were also analysed for copy

number variations using the Agilent 244K CGH array.
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Figure 4 | Integrated analysis of signalling pathways reveals a role for
MAP2K4 mutations in cancer. a, Genetic alterations in RTK/RAS and GPCR
signalling pathways in ovarian cancers. ECM, extracellular matrix. Numbers
indicate per cent sample altered. b, MAP2K4 somatic mutations identified in
this study and others from refs 4, 13, 24, 25 (indicated in parentheses).
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represents a nonsense mutation. c–e, A representative image showing
anchorage-independent growth (c) and the number of colonies formed by
NIH3T3 cells (d) stably expressing MAP2K4 somatic mutants (e). f, MAP2K4
somatic mutants, immunoprecipitated from cell lines stably expressing them,
show impaired kinase activity towards MBP or JNK used as a substrate. EV,
empty vector. Data shown in d are mean 6 s.e.m. (*P , 0.05 and**P , 0.01).
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METHODS
Genes and samples. The 1,507 genes studied comprised known oncogenes,

tumour suppressors, as well as ‘druggable targets’ that included protein kinases,

E3 ligases, DUBs, GPCRs and other genes with enzymatic activities (Supplemen-

tary Table 2).

Patient-matched frozen tumour and normal tissue were obtained from mul-

tiple commercial vendors. Tumour and normal match was confirmed using a

panel of 15 single nucleotide polymorphisms (SNPs)31,32. Tumour samples with

ten or more somatic mutations were assessed for microsatellite instability using

an MSI detection kit (Promega).

The samples used in the study were selected from 730 breast, 750 lung (662

NSCLC and 88 SCLC), 218 ovarian, 150 prostate and 96 pancreatic patient

tumour samples based on histological diagnosis and/or immunohistochemistry

(IHC) analysis of tumour, assessment of tumour content, absence of tumour

cells in normal, availability of matched adjacent normal tissue and the yield of

high-quality nucleic acid (DNA and RNA).

Each tissue was subcut and evaluated histologically for both quality and dia-

gnosis by a board-certified pathologist. Classification of tumours was primarily

performed based on histology. In some cases, IHC was used to help classify

poorly differentiated tumours, and included chromogranin A and synaptophy-

sin for SCLC, and TTF1 and cytokeratin 5 for lung adenocarcinoma (TTF11,

CK52) and squamous cell carcinoma (TTF12, CK51)33. IHC using the

HercepTest (Dako) and/or HER2 FISH (Abbott PathVysion kit) was used to

identify HER21 breast samples. Samples that were negative for HER2 by IHC (0

or 11) were subjected to ER and PR IHC. Genomic DNA from prostate samples

was tested for TMPRSS2–ERG fusion status using a TaqMan assay (5p primer,

TAGGCGCGAGCTAAGCAG; 3p primer, GTAGGCACACTCAAACAACGAC;

and probe, CTCACTCACAACTGATAAGGCTTCCTGCC) following recom-

mended protocols (Applied Biosystems).

Somatic mutation and genomic alteration detection. We used Escherichia

coli-based mismatch repair detection (MRD) to scan individual tumour samples

for mutations. Matched normal sample corresponding to each of the tumour, in

pools of five, was also screened for variations against the reference DNA to help

identify germline changes that may not be represented in dbSNP. The E. coli

served as a sorter for mutant alleles present in a DNA sample relative to the

reference sequences. The sorted amplicons were assayed for variations using a

resequencing tiling array11. The putative somatic mutants were computationally

predicted by comparing the variants found in the tumour and the corresponding

normal pool. The predicted variants were then tested using a Sequenom

MassARRAY platform per standard protocols (Supplementary Fig. 2). MRD is

known to have specificity of 96% and a sensitivity of 92% for somatic mutation

detection10. In the current study, Sanger sequencing/Sequenom MassARRAY

data obtained for a few genes were compared against mutations obtained

through MRD and we found it was able to call 80% of BRAF (V600E), 78% of

PIK3CA (H1047R) and 73% of KRAS (G12 and G13 changes). The somatic

changes obtained by Sanger sequencing were also included in the analysis.

A total of 30,991 assays (,200 bp each) covering 4,963,155 bp across the coding

regions of the 1,507 genes were designed for the study11. A total of 1,765 Mb were

successfully screened using MRD for all 441 tumour samples.

DNA copy number was assessed in 331 samples (157 breast consisting of 50

HER21, 54 HR1 and 53 triple negative subtypes; 62 lung consisting of 47

squamous, 6 adenocarcinoma, 5 SCLC and 4 other subtypes; 57 prostate; 47

ovarian; and 8 pancreatic tumours) using the Agilent 244K CGH array according

to the manufacturer’s instructions (Agilent technologies). Human male genomic

DNA (Promega P/N G1471) was used as reference. Individual log2 ratios of

background subtracted signal intensities were obtained from the Agilent

Feature Extraction software version 9.5. The log2 ratios were centred to a median

of zero and the resulting log2 ratio values for each probe were segmented using

GLAD34. The log ratios were transformed into copy number values by taking

2x11. All probes within the genomic bounds of a given GLAD-derived segment

were given the mean copy number value of probes within that segment. For each

gene and tumour sample, one of three copy number alteration statuses was

determined based on GLAD copy number values: gain ($3), loss (#1.25) and

wild type. Copy number alteration and somatic mutation statuses for each gene

and tumour sample were integrated to derive the molecular alteration status at

the sample and disease level. The CGH microarray data have been deposited in

GEO under accession number GSE20393.

Expression analysis was performed on RNA derived from 109 tumour samples,

including 79 breast (31 HER21, 25 HR1, 23 triple negative) and 30 lung (12

adenocarcinomas and 18 squamous carcinomas) using an Affymetrix Exon 1.0 ST

array following the manufacturer’s protocols (Affymetrix).

Statistical analysis to identify significantly mutated genes. Mutated genes

causally implicated in the development of cancer, also known as cancer genes,

usually exhibit a higher-than-expected mutation count due to enrichment of

driver mutations. A statistical score called mutation q-score was calculated for

each gene based on the probability that protein-altering mutations observed in

that gene consist of only passenger mutations occurring at background rates. A

higher q-score indicates that the observed mutation count in a gene is more likely

not attributable to chance, indicating a functional role in tumour growth and

development. This method is similar to the CaMP (cancer mutation prevalence)

score2,16 and incorporated subsequent refinements16,35. For each gene in a cancer

type, the q-score is calculated by comparing the observed prevalence of protein-

altering somatic mutations relative to the background using Poisson probabilities.

The background rates of protein-altering mutations were extrapolated from the

empirical rates of synonymous mutations using estimated ratios of protein-

altering (NS) versus synonymous (S) mutations.

All nucleotide positions in the protein-coding region of a gene (g) and vali-

dated somatic mutations were classified into one of six nucleotide categories (i)

defined by the base of interest and the preceding base (Supplementary Table 10).

For each nucleotide category and cancer type (d), we collected statistics on the

numbers of protein-coding bases (n), protein-altering somatic mutations (x)

and synonymous mutations (s) for individual genes and in aggregate. The NS/S

ratios were determined by a simulation where we mutated all residues to every

possible allele (a) in protein-coding regions and canonical splice sites of the

transcript sequences based on observed somatic mutation probabilities F and

determined whether a particular change would result in a synonymous or

protein-altering change. We then calculated NS/S ratios (ri) as the aggregate

number of simulated protein-altering and synonymous changes in each nucleo-

tide category. The background mutation rate fd,i is estimated as the number of

observed synonymous somatic mutations in each cancer type and nucleotide

category multiplied by the NS/S ratios and averaged over all protein-coding

sequences analysed:

Fi,a~
mi,a

P3

a~1

mi,a

where mi,a is the number of somatic changes from nucleotide type i to allele a

fd,i~
sd,i ri

nd,i

where nd,i is the number of protein-coding nucleotides in cancer type d and

nucleotide category i; sd,i is the observed number of synonymous mutations in

cancer type d and nucleotide category i; fd,i is the background protein-altering

mutation rates for cancer type d and nucleotide category i; and ri is the NS/S ratio

in nucleotide category i.

The expected number of protein-altering mutations lg,d,i in each mutation

category of gene g and cancer type d is determined based on the background

mutation rate fd,i and the number of protein-coding bases analysed, ng,d,i, and

summed across mutation categories to yield lg,d. The p-value of observing

xg,d $ k, the observed number of protein-altering mutations given the expected

mutation count of lg,d, is calculated by the Poisson probability function. To

correct for multiple hypothesis testing, the Benjamini Hochberg method of false

discovery rate control (FDR-BH) was used to convert p-values into q-values,

which are transformed into q-scores by taking the negative log

lg ,d~
X6

i~1

ng ,d,i fd,i

p(xg ,d§kjlg ,d)~
X?

x~k

lg ,d
ke{lg ,d

k!

Statistical analysis of combined cancer alterations. In addition to somatic

mutation, copy number gains and losses can promote carcinogenesis. The scope

of cancer genes can be best delineated by taking into account such somatic geno-

mic alterations and mutations. Here we describe a statistical score called alteration

q-score for assessing whether a gene is likely to be involved in cancer based on the

combined prevalence of somatic mutation, and copy number gains and losses. In

addition to p-values based on mutation prevalence, we calculated for each gene

p-values based on the prevalence of copy number alterations using binomial

probabilities. Copy number alteration statuses were identified for the 1,507 genes

studied across 331 tumour samples using CGH arrays. In each cancer type, we

calculated the frequency of copy number alteration as the number of samples

harbouring copy number alterations for a gene (xg,d) divided by the number of

samples analysed (ng,d). The background frequencies (fd) were empirically esti-

mated as the mean frequency of alteration across all genes analysed in a cancer

type (Supplementary Table 10). The p-value of observing xg,d $ k samples in a

gene relative to the background is given by the binomial probability function:
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p(xg ,d jng ,d ,fd)~
ng ,d

xg ,d

� �
fd

xg ,d (1{fd)ng ,d{xg ,d

pg ,d~
Xng ,d

x~k

p(xg ,d jng ,d,fd)

where ng,d is the number of samples in cancer subtype d where gene g is analysed; fd
is the background frequency of samples exhibiting copy number alteration in

cancer subtype d; and xg,d is the observed number of samples with copy number
alteration in gene g and cancer subtype d.

Two independently derived p-values, one based on mutation prevalence and

another based on copy number alteration prevalence, were combined into a test

statistic x2 using Fisher’s method. The x2 test statistic was transformed into

p-values using the chi-squared probability distribution with four degrees of

freedom. The p-values were transformed into q-values using FDR-BH correction

and negative log transformed into q-scores

x2~{2
Xk

i~1

loge(pi)

where k is the number of independent statistical tests; p is the individual p-value

to be combined; and x2 is the test statistic that follows a chi-squared distribution

with 2k degrees of freedom.

Evaluating the functional impact of missense mutations. To help elucidate the

functional impact of protein-altering mutations, a comprehensive computational

analysis of missense mutations was performed using a suite of prediction methods,

including SIFT36, PolyPhen37, CanPredict38,39, mCluster40 and Pfam Log RE41

(Supplementary Table 4). Each missense mutation receives a binary call from each

predictor as to whether it is likely to alter gene function. The mCluster program is a
novel tool developed to detect mutational hotspots in protein domains, as defined

by a set of mutations located at the same analogous location across multiple

proteins in a given domain40. We used this program to analyse our mutations in

the context of known somatic cancer mutations3–8,13, germline disease mutations42

and mutagenesis data42. After all mutations were mapped to PFAM protein

domains43, the mCluster score, calculated using the cumulative binomial probability

function, was used to rank the domain hotspots, with a higher score implying a lower

probability of occurring by chance. Mutations with scores greater than the em-

pirically determined cutoff score of 0.5 were considered to be significant.

Pathway alteration analysis. We used the Ingenuity database (http://www.

ingenuity.com) to classify our genes across various biological pathways.

Applying the same probabilistic approach as calculating p-values for individual

genes, the p-values for mutation prevalence of a pathway u with v genes was

calculated based on the sum of observed numbers of protein-altering mutations

(xu,d) over all member genes and the sum of expected numbers of mutations (lu,d)

lu,d~
Xv

g~1

X6

i~1

ng ,d,i fd,i

p(xu,d§kjlu,d)~
X?

x~k

lu,d
ke{lu,d

k!

The p-values based on the prevalence of copy number alterations for a pathway were

determined using simulations under the null hypothesis that pathway membership

is random. For pathway u with v genes and cancer subtype d, we computed xu,d, the

number of tumour samples where one or more pathway genes were classified as

copy number altered. Each simulation sampled v genes without replacement from
all genes on the CGH array and collected copy number alteration statistics based on

corresponding genotypes in cancer type d. The p-value of a pathway with k samples

altered is derived as the proportion of 10,000 simulations with xu,d $ k in the same

cancer type. We again used the Fisher’s method to derive a single p-value for the

pathways by combining the p-values for mutation and copy number alteration.

Prevalence screen. To test the prevalence of mutations in statistically significant

cancer genes we sequenced 10 significant and 8 non-significant genes for muta-

tions in an additional 50 squamous lung cancer samples using standard 454

sequencing following PCR amplification of coding exons. Amplicons of 300–

350 bp were amplified such that unique molecular barcodes were added to

amplicons from each tumour allowing for pooled sequencing. All genes were

sequenced to ,253 mean coverage per sample. The 454 sequence reads were

mapped to the reference genome using the Roche/454 gsMapper software to

identify single-nucleotide variants. The variants, after removing known SNPs

based on dbSNP, were selected for further validation by requiring $5 reads

and $20% of the covering reads containing the variant allele or having both

forward and reverse read evidence. The variants were confirmed somatic using

nucleic acid mass spectrometry by validating their presence in the original
tumour and their absence in the matched normal DNA.

Plasmids, reagents, cells and assays. N-terminally Flag-tagged MAP2K4 and

GNAO1 wild-type cDNAs (Origene) or mutants generated by site-directed muta-

genesis (Stratagene) were cloned into pRetro-IRESGFP (Clontech) vector for

further study. Anti-Flag M2 antibody and EZview Flag-M2-antibody-coupled

affinity gel (Sigma Life Science), HRP-conjugated secondary antibodies and
chemiluminescence Super signal West Dura substrate (Thermo Fisher

Scientific), Cell lysis buffer and Kinase buffer (Cell Signaling Technology) were

used in this study.

Human mammary epithelial cells (HMECs; Invitrogen) engineered to express

hTERT, and large and small T antigen were maintained in HuMEC medium

(Invitrogen) supplemented with HuMEC supplement, bovine pituitary extract,

100 U ml21 penicillin and 100 mg ml21 streptomycin. The NIH3T3 (ATCC) and

Phoenix cells (Orbigen) were maintained in DMEM supplemented with 10% (v/

v) fetal bovine serum, 2 mM L-glutamine, 100 U ml21 penicillin and 100 mg
ml21 streptomycin. HMEC and NIH3T3 stably expressing MAP2K4 or

GNAO1 wild type and mutants were generated as previously described27.

Expression of the Flag-tagged proteins was confirmed by western blot analysis

using cell lysates. Briefly, cell lysates were resolved on a 4–20% SDS–PAGE

(Invitrogen) and transferred onto a nitrocellulose membrane and detected using

appropriate primary antibody, HRP-conjugated secondary antibody and chemi-

luminescence Super signal West Dura chemiluminescence detection substrate.

Anchorage-independent colony formation assay. HMEC (3 3 104) or NIH3T3

(1 3 104) cells stably expressing either empty vector, wild-type or indicated

MAP2K4 and GNAO1 mutants were suspended in full media containing

0.35% agar and plated on a lower layer of 0.5% agar in 6-well plates. After

3 weeks, the presence of colonies was assessed using Gel count imager (Oxford

Optronix Ltd). The number of colonies in each plate was quantified using Gel

count software (Oxford Optronix Ltd). A Student’s t-test (two tailed) was used

for statistical analyses to compare colonies formed by wild-type and mutant

expressing cells using GraphPad Prism 5.00 (GraphPad Software). A P-value

,0.05 was considered statistically significant (*P , 0.05 and **P , 0.01).

Kinase assay. NIH3T3 cells were serum starved for 24 h, washed with PBS and

lysed with Cell lysis buffer (20 mM TrisHCl pH 7.5, 150 mM NaCl, 1 mM EDTA,

1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate,

1 mM Na3VO4, 1 mg ml21 leupeptin and 1 mM PMSF). The clarified lysates were

incubated overnight at 4 uC with anti-Flag-M2 antibody coupled beads. The

beads were then spun down at 10,000g for 30 s and washed three times using

the Cell lysis buffer. Flag-M2-immunoprecipitated protein beads containing

MAP2K4 wild type or mutants, adjusted for protein concentration, were incu-

bated for 30 min at 30 uC either with Myelin basic protein (MBP; Millipore Inc.,
MA) or inactive MAP2K7/JNK2 (Invitrogen) and 2 mCi [c-32P]ATP (Perkin

Elmer) in 25ml of kinase reaction buffer (25 mM Tris-HCl (pH 7.5), 5 mM

b-glycerophosphate, 2 mM dithiothreitol, 0.1 mM Na3VO4, 10 mM MgCl2 and

10 mM ATP). The kinase reaction was stopped by adding SDS sample buffer. The

samples were then resolved by SDS–PAGE. The gel was fixed, dried, exposed to

phosphor screen and scanned on a Typhoon phosphorimager (GE Healthcare).
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LETTERS

Wnt11 patterns a myocardial electrical gradient
through regulation of the L-type Ca21 channel
Daniela Panáková1*, Andreas A. Werdich1* & Calum A. MacRae1

Electrical gradients are critical for many biological processes,
including the normal function of excitable tissues, left–right
patterning, organogenesis and wound healing1–4. The fundamental
mechanisms that regulate the establishment and maintenance of
such electrical polarities are poorly understood. Here we identify
a gradient of electrical coupling across the developing ventricular
myocardium using high-speed optical mapping of transmembrane
potentials and calcium concentrations in the zebrafish heart. We
excluded a role for differences in cellular excitability, connexin
localization, tissue geometry and mechanical inputs, but in contrast
we were able to demonstrate that non-canonical Wnt11 signals are
required for the genesis of this myocardial electrical gradient.
Although the traditional planar cell polarity pathway is not
involved, we obtained evidence that Wnt11 acts to set up this gra-
dient of electrical coupling through effects on transmembrane Ca21

conductance mediated by the L-type calcium channel. These data
reveal a previously unrecognized role for Wnt/Ca21 signalling in
establishing an electrical gradient in the plane of the developing
cardiac epithelium through modulation of ion-channel function.
The regulation of cellular coupling through such mechanisms
may be a general property of non-canonical Wnt signals.

Zebrafish cardiomyocytes begin to depolarize spontaneously in the
bilateral cardiac primordia before they assemble into the linear heart tube
and by 24 h post-fertilization (h.p.f.) synchronous contractions start.
Over the next 24 h, the atrium and ventricle form, and the heart loops.
During morphogenesis, intercellular coupling between differentiating
cardiomyocytes is established and refined. Studies of higher vertebrates
suggest that transmural and apex-to-base electrical gradients, which
emerge during development, are crucial for the electrical stability and
mechanical efficiency of the adult heart5. Using high-speed optical map-
ping of transmembrane potentials, we characterized electrical conduc-
tion in the embryonic zebrafish heart at cellular resolution (Methods and
Supplementary Fig. 1). At 24 h.p.f., action potentials propagate slowly
and homogenously throughout the linear heart tube (Fig. 1a, c and
Supplementary Movie 1). From 48 h.p.f., there is substantial acceleration
of impulse propagation in both chambers, with the concomitant emer-
gence of zones of slow conduction at sinoatrial, atrioventricular and
ventriculo-aortic boundaries (Fig. 1b and Supplementary Movie 2), as
previously shown using lower-resolution techniques6,7. We observed a
gradient of impulse propagation velocities across the ventricle (Fig. 1b);
outer-curvature myocardium, which becomes the ventricular apex, con-
ducts action potentials three times faster than the inner curvature, the
future ventricular base (Fig. 1c). This electrical gradient emerges at
48 h.p.f. and persists into larval stages (Fig. 2h). These data demonstrate
functional heterogeneity across the plane of the cardiac epithelium even
in the two-chambered zebrafish heart.

To address whether the outer curvature/inner curvature electrical
gradient results from differences in excitability, we compared action

potential upstrokes in these myocardial zones. Action potential
upstrokes were monophasic and the rates of change of transmem-
brane potential comparable in both outer- and inner-curvature cells
(Fig. 1d, e). We next looked at intercellular electrical coupling, which
is mainly facilitated by gap junction proteins, that is, the connexins8.
In the developing zebrafish heart, connexin 43 (Cx43) is the first
major detectable connexin7. Semiquantitative immunostaining
revealed that Cx43 is approximately twice as abundant in the atrium
as in the ventricle, but did not reveal any differences in Cx43 localiza-
tion between outer- and inner-curvature cells (Fig. 1f, g). Although
neither excitability nor differential Cx43 localization seems to explain
the myocardial electrical gradient, it remains possible that changes in
the localization of other connexins or in connexin function have a role.

Cellular architecture is known to affect impulse propagation
across myocardium9. Recently, outer- and inner-curvature cardio-
myocytes in wild-type zebrafish ventricles have been reported to
acquire distinct cell shapes during chamber formation, with their
final shape depending on contractile function10. To assess the role
of these physical factors in forming the electrical gradient, we mea-
sured conduction velocities in two non-contractile mutants: silent
heart (also known as tnnt2a), a recessive cardiac troponin T mutant11,
and unc45b, a recessive mutant in a chaperone required for assembly
of myofibrils12. We confirmed prior reports that cell architecture is
disrupted in non-contractile hearts (Fig. 1h–j)10. Although conduc-
tion velocities are increased in these mutants, the outer curvature/
inner curvature electrical gradient was comparable to that of wild-
type hearts (Fig. 2a, b and Supplementary Fig. 2a). These data show
that mechanical forces regulate cell shape and modulate action
potential propagation, but do not perturb patterning of electrical
coupling across the myocardium.

The roles of Wnt canonical and non-canonical pathways in cardi-
ogenesis are well documented13. Importantly, Wnt11 non-canonical
signalling has been identified as a critical regulator of heart develop-
ment14–17. To test whether such Wnt signals pattern electrical coupling,
we focused on two non-canonical Wnts, Wnt5b and Wnt11, which are
both expressed in pharyngeal arches, adjacent to the developing
heart18. Using previously validated morpholinos, we reduced Wnt5b
and Wnt11 levels19,20 and measured ventricular conduction velocities.
Whereas loss of Wnt5b did not abolish the differential electrical coup-
ling between outer- and inner-curvature cells (Fig. 2c, e), loss of Wnt11
prevented formation of the electrical gradient and resulted in homo-
genous conduction velocities across the entire ventricle (Fig. 2d, f and
Supplementary Movie 3). We examined expression of Wnt11 in
greater detail to assess its role in the formation of the electrical gra-
dient. In addition to previously characterized expression domains, we
detected Wnt11 RNA in the outflow tract from 48 h.p.f. onwards and
in the ventricle by 72 h.p.f., where it persists at least until 120 h.p.f.
(Supplementary Fig. 3). In Wnt11 morphant hearts at 72 h.p.f., when

1Brigham and Women’s Hospital/Harvard Medical School, Cardiovascular Division, 75 Francis Street, Thorn 11, Boston, Massachusetts 02115, USA.
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the morpholino effect is still present, the conduction velocities in the
outer and inner curvatures were almost identical. However, by
120 h.p.f. the electrical gradient was restored, suggesting that Wnt11
actively patterns electrical coupling through these stages of develop-
ment (Fig. 2h). Corroborating these results, we observed that the
electrical gradient does not form in the Wnt11 mutant silberblick21

(Fig. 2g, h and Supplementary Fig. 2b–d). These data demonstrate that
Wnt11 is specifically required for both the establishment and main-
tenance of the ventricular electrical gradient, and also suggest that the
remodelling of intercellular electrical coupling is a dynamic process
that may last throughout development.

Beta-catenin-independent Wnt signalling acts through two major
downstream cascades: the planar cell polarity pathway and a Ca21

pathway22. We first explored a role for the planar cell polarity path-
way in patterning the electrical gradient by measuring conduction
velocities in the absence of two of its essential components, Vangl2
and Prickle1a23,24. The outer curvature/inner curvature electrical gra-
dient was maintained in both vangl2 null mutant hearts and in
Prickle1a morphant hearts, in which Prickle1a concentrations were
reduced using a previously validated morpholino (Fig. 2i, j and
Supplementary Fig. 2e, f). Although outer-curvature conduction
velocities were decreased in Prickle1a morphant hearts, in com-
parison to vangl2 mutants, the electrical gradient was unperturbed.
We also noticed that in vangl2 mutants as well as in Wnt11 and in
Prickle1a morphants, heart morphogenesis and cellular architecture
were disrupted (Supplementary Fig. 2g–i). These data further sup-
port the conclusion that the electrical gradient is independent of
cellular architecture and suggest that planar cell polarity signalling
is not responsible for its patterning.

Ca21 was identified as an important second messenger in Wnt non-
canonical signalling more than a decade ago25. Subsequent studies
have revealed several distinct members of the Wnt/Ca21 pathway22.
However, the most proximal events of Wnt/Ca21 signalling remain
incompletely understood. In cardiomyocytes, intracellular Ca21 con-
centrations ([Ca21]i) change substantially within milliseconds during
the excitation–contraction cycle, with baseline [Ca21]i levels attained

at diastole and maximum levels at systole (Fig. 3a). This phasic [Ca21]i

transient requires the orchestrated operation of multiple ion channels
and transporters; including the L-type Ca21 channel (LTCC), the
major transmembrane Ca21 conductance channel, and SERCA, the
sarcoplasmic reticulum Ca21-ATPase, which actively transports Ca21

into the sarcoplasmic reticulum26.
To examine the role of Ca21 in regulating the electrical gradient

downstream of Wnt11, we used high-speed ratiometric calcium
imaging and measured [Ca21]i transients in embryonic zebrafish
hearts. Diastolic [Ca21]i (Supplementary Fig. 4a) and the amplitude
of the [Ca21]i transients, measured as systolic [Ca21]i minus dia-
stolic [Ca21]i, were initially estimated in wild-type hearts (Fig. 3a, b,
d and Supplementary Fig. 4c). Loss of Wnt11 did not perturb dia-
stolic [Ca21]i (Supplementary Fig. 4b) but resulted in a significant
increase in the amplitude of the [Ca21]i transient (Fig. 3a, c, d and
Supplementary Fig. 4d) when compared with wild type. Notably, loss
of Wnt11 signalling also leads to an increase in the heterogeneity of
[Ca21]i transient amplitudes across the entire ventricle (Supplemen-
tary Fig. 4d), supporting the notion that Wnt11 modulates Ca21

homeostasis.
There are several possible mechanisms by which Wnt11 might

regulate changes in [Ca21]i. In non-excitable tissues, Wnt overexpres-
sion increases [Ca21]i transient frequency, through Ca21 release from
the intracellular stores25 (Supplementary Fig. 7). To isolate the effects
of Wnt11 on sarcoplasmic reticulum Ca21 stores in cardiomyocytes,
we eliminated transmembrane Ca21 entry through pharmacologic or
genetic loss of LTCC function. Remarkably, both the LTCC antagonist
nifedipine and the LTCC null mutant cacna1cm231 increased the
[Ca21]i transient amplitude27 (Fig. 3a, d, e and Supplementary Fig.
5a). This effect was abolished in cacna1cm231 mutants treated with
thapsigargin and caffeine (TgC), a drug combination that depletes
stores of sarcoplasmic reticulum Ca21 (Fig. 3a, f), suggesting that it
is largely due to enhanced release of sarcoplasmic reticulum Ca21.
Nevertheless, both nifedipine-treated and cacna1cm231 mutant ventri-
cles exhibited wild-type electrical gradients (Fig. 3g–i and Supplemen-
tary Fig. 5b). Incubating wild-type zebrafish embryos with the LTCC
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agonist Bay K-8644 increased the [Ca21]i transient amplitude as
expected (Fig. 4a, b and Supplementary Fig. 5c). This increase in
transmembrane Ca21 influx abolished the emergence of the normal
electrical gradient and reproduced the Wnt11 loss-of-function con-
duction phenotype (Fig. 4c, d). Similarly, by incubating wild-type
hearts with TgC, we also observed an increase in the [Ca21]i transient
amplitude (Fig. 4a, b and Supplementary Fig. 5d). This effect was
presumed to result largely from changes in transmembrane Ca21

conductance through the LTCC, as [Ca21]i transients were virtually
abolished in TgC-treated cacna1cm231 hearts (Fig. 3a, f). We confirmed
the loss of the outer curvature/inner curvature electrical gradient in
the TgC-treated hearts (Fig. 4e, f). Thus, increasing the [Ca21]i tran-
sient amplitude through the LTCC, by direct or indirect means, leads
to a loss of the myocardial electrical gradient. Of note, the paradoxical
reciprocal increases in Ca21 transient amplitude seen with attenuation
of transmembrane or sarcoplasmic reticulum Ca21 fluxes may rep-
resent a mechanism by which Wnt signals regulate Ca21 dynamics
between discrete intracellular domains (see model in Supplementary
Fig. 7).

These data suggest that Wnt11-mediated attenuation of transmem-
brane Ca21 influx through the LTCC is responsible for the emergence
of a physiologic electrical gradient. To test this definitively, we
explored the effects of loss of Wnt11 in cacna1cm231 mutants. In this
context, the gradient of electrical coupling was unaltered relative to
that of the wild-type hearts (Fig. 4g). Similarly, the electrical gradient
was preserved in Wnt11 morphants treated with nifedipine (Fig. 4h).
These data demonstrate that Wnt11 acts upstream of the LTCC,
downregulating LTCC function, as the electrical gradient is estab-
lished in the developing ventricle. Corroborating these findings is
the absence of any effect on electrical coupling when extreme changes

in sarcoplasmic reticulum Ca21 release occurred in cacna1cm231

mutants.
For the electrical gradient to form, the LTCC must be absent or its

conductance must be attenuated by a Wnt11-dependent mechanism.
To determine whether gain of Wnt11 function perturbs this gradient,
we overexpressed wnt11:CFP in developing hearts under a cardiac-
specific promoter. The wnt11:CFP fusion construct has been shown
to be functional, rescuing the silberblick mutant phenotype28,29.
Indeed, overexpression of wnt11:CFP in only a few cardiomyocytes
resulted in a robust non-cell-autonomous phenotype that resembled
Wnt11 loss-of-function, including impaired heart morphogenesis
(Supplementary Fig. 5e–h). Basal Wnt signalling is thought to be
maintained within a homeostatic range30; thus, opposing effects on
Wnt activity could result in similar outcomes. Although the strength
of the Wnt11 overexpression phenotype was dose dependent, the
electrical gradient remained unperturbed across different doses
(Fig. 4i, j and Supplementary Fig. 5i). These data suggest that thresh-
old amounts, rather than specific Wnt11 concentrations, are required
to attenuate LTCC function and establish the myocardial electrical
gradient.

To explore potential mechanisms through which Wnt11/LTCC
signalling might remodel intercellular coupling, we assessed the effect
of loss of Wnt11 on Cx43. Although the levels and localization of Cx43
were comparable in the wild-type and in the cacna1cm231 mutant
hearts, loss of Wnt11 led to marked upregulation of Cx43 (Figs 1f
and 4k and Supplementary Fig. 6a–i). To determine whether this
increase was Wnt11/LTCC dependent, we probed Cx43 in cacna1cm231

mutants with reduced Wnt11 and found that the Cx43 levels were
comparable to those of the wild-type mutant (Fig. 4l and Sup-
plementary Fig. 6j–l). Regional differences in Cx43 do not explain
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Figure 4 | Wnt11 patterns electrical coupling through effects on
transmembrane Ca21 conductance. a, Averaged Ca21 transients from ROIs
in Fig. 3b, c and Supplementary Fig. 5c, d. b, Mean Ca21 transient
amplitudes. One-way analysis of variance for comparisons with wild type,
*P , 0.05. c, e, i, Isochronal maps of hearts treated with Bay K-8644 (c) and
thapsigargin and caffeine (e), and the heart of an embryo injected with
25 mg ml21 clmc2::wnt11:CFP (i). The colour scale depicts the timing of
activation. Squares indicate ROIs for conduction velocity estimation.
Arrows display average velocity vectors. d, f, g, h, j, Mean estimated

conduction velocities from hearts treated with Bay K-8644 (NS, P 5 0.10;
d) and thapsigargin and caffeine (NS, P 5 0.47; f), hearts from cacna1c
embryos injected with Wnt11 morphant (*P , 0.05; g), hearts isolated from
nifedipine-treated Wnt11 morphant embryos (*P , 0.05; h) and hearts from
embryos injected with cmlc2::wnt11:CFP (*P , 0.05; j). Student’s t-test was
used to assess significance in each case. Error bars, s.e.m. k, l, Z projection of
2-mm confocal section from Wnt11 morphant (k) and cacna1c mutant
injected with Wnt11 morphant (l), both stained with anti-Cx43. Scale bar,
10 mm. All experiments were performed at 72 h.p.f.
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the electrical gradient formation, but these data suggest that Wnt11/
LTCC signalling effects on membrane proteins may modulate con-
nexin function or directly affect intercellular conductance (Sup-
plementary Fig. 7).

Taken together, our data define an intrinsic electrical gradient in the
developing cardiac epithelium that does not depend on specialized
conduction tissue but is sufficient to effect early activation of the
cardiac apex even in a two-chambered heart. The patterning of this
gradient requires Wnt11-mediated attenuation of LTCC conductance
and represents a novel effector limb in Wnt/Ca21 signalling.
Furthermore, these data demonstrate that Wnt11 regulates the integ-
ration of intracellular and extracellular Ca21, while also tuning
dynamic relationships between subcellular Ca21 domains. The refine-
ment of electrical coupling by Wnt signals may be an important factor
not only in cardiogenesis, but also in the establishment and mainten-
ance of other epithelia in development, health and disease.

METHODS SUMMARY
Fluorescence measurements. We stained hearts, isolated from wild-type zebra-

fish embryos (24–72 h.p.f.), with the transmembrane-potential-sensitive dye di-

8-ANEPPS (Invitrogen) or the calcium-sensitive ratiometric dye Fura-2AM

(Invitrogen) for the measurements of action potentials and calcium transients,

respectively. Fluorescence intensities were recorded with a high-speed charge-

coupled-device camera (RedShirtImaging).

Propagation velocity calculation. We estimated propagation velocities of

depolarizing waves as previously described, with some modifications (see full

description in Methods).

Immunostaining and image analysis. We fixed hearts, isolated from 72-h.p.f.

zebrafish embryos, in Prefer fixative (Anatech) and stained them with the primary

antibodies rabbit anti-connexin43 (Sigma) 1:50, mouse anti-b-catenin (BD

Biosciences) 1:200 and mouse anti-zn8 (DSHB) 1:50, and the secondary antibodies

donkey anti-rabbit or mouse Alexa Fluor 488 or 546 conjugated (Invitrogen)

1:1,000. Confocal images were analysed using IMAGEJ.

Cardiac-specific mosaic overexpression of wnt11:CFP. wnt11:CFP fusion

protein was cloned downstream of cmlc2 (also known as myl7) promoter into

the Tol2kit expression system using Gateway technology (Invitrogen). We co-

injected DNA (10mgml21 or 25 mg ml21) with 25 mg ml21 capped Tol2 transpo-

sase mRNA into 1-cell-stage embryos.

Drug treatment. We added nifedipine (10mM, Sigma) or Bay K-8644 (20mM,

AG Scientific) to 30-h.p.f. zebrafish embryos in egg water buffered with 5 mM

HEPES. Isolated zebrafish hearts were incubated in a mix of thapsigargin (10mM,

Sigma) and caffeine (10 mM, Sigma) in Tyrode’s solution for 45 min before

optical imaging.

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
Fluorescence measurements. We used the transmembrane-potential-sensitive

dye di-8-ANEPPS (Invitrogen) to characterize the electrophysiology of the

developing zebrafish heart. The linear dynamic range of optical mapping is well

defined in vitro, and in this setting the response times of voltage-sensitive dyes

exceed those of standard electrophysiological techniques31–36. The temporal and

spatial dynamic ranges of optical mapping techniques are well matched to the

developing zebrafish heart, where overall conduction velocities and action

potential upstroke are considerably slower than in the tissues where the tech-

niques have been validated. It has been previously demonstrated that the rate of
increase in the action potential correlates with electrophysiological recordings in

the context of an adult zebrafish heart37,38. In addition, a comparison between the

increase in action potential between 72 h.p.f. and 120 h.p.f. confirms that the

presented recordings are well within the linear dynamic range of the optical

mapping system and are adequate for the measurements of changes in upstroke

velocity during heart development in zebrafish (Supplementary Fig. 1a).

In general, hearts were isolated from zebrafish embryos 24–72 h.p.f. of age and

placed in normal Tyrode’s solution (NTS) which contained 136 mM Na1,

5.4 mM K1, 1.0 mM Mg21, 0.3 mM PO4
32, 1.8 mM Ca21, 5.0 mM glucose and

10.0 mM HEPES at pH 7.4. For action potential recordings, hearts were loaded for

20 min with 84mM di-8-ANEPPS and thoroughly washed in NTS to remove all

extracellular dye. Individual hearts were then placed in a perfusion bath (Warner

Instruments) which contained NTS supplemented with 10mM of the excitation–

contraction uncoupler blebbistatin (Calbiochem) to inhibit contraction. The

chamber was mounted on the stage of an inverted microscope (TE-2000,

Nikon). Excitation light was generated by a 120-W metal halide lamp (X-Cite

120, Exfo), transmitted through a 525/50-nm excitation filter and reflected onto

the preparation by a 560-nm-cut-off dichroic mirror. Fluorescence emission was
passed through a 635-nm long-pass emission filter and reflected by a mirror

towards the camera, which was mounted at the side port of the microscope.

For ratiometric calcium transient recordings, hearts were loaded for 15 min with

50mM of the calcium-sensitive dye Fura-2AM (Invitrogen) and subsequently

washed in dye-free NTS. Hearts were then incubated in NTS at room temperature

(22 uC) for 30–45 min to allow complete intracellular hydrolysis of the esterified

dye. A high-speed monochromator (Optoscan, Cairn) was used to switch the

excitation wavelength rapidly between 340 nm and 380 nm with a bandwidth of

20 nm and at a frequency of 500 s21. The excitation light was reflected by a 400-

nm-cut-off dichroic mirror and fluorescence emission was collected by the cam-

era through a 510/80-nm emission filter.

For the measurement of fluorescence intensities, we used a high-speed 80 3 80-

pixel charge-coupled-device camera (CardioCCD-SMQ, RedShirtImaging) with

14-bit resolution. Action potentials were recorded at the maximum frame rate of

2,000 s21. For ratiometric calcium transient recordings, monochromator and

camera were synchronized. Because each wavelength change required a mech-

anical movement of the grating, the maximum frame rate for calcium transient

recordings was lower, that is, 500 s21. Each ratio required the recording of four
frames, where one frame was used for each transition between wavelengths. Thus,

the final ratio rate was 125 s21. Using a 320, numerical aperture 0.75 objective

and a 30.5 C-mount adaptor, the final magnification was 310, resulting in a

pixel-to-pixel distance of 2.2mm.

Fluorescence data signal processing and conduction velocity estimation.

Acquired fluorescence images were exported as TIFF stacks and analysed using

MATLAB 7.10 (Mathworks) software. For action potential recordings, signals

were temporally (200-Hz low-pass) and spatially (2 3 2 weighted average) filtered

and normalized. Activation times were defined as times to 50% depolarization

during the rising phase of the action potential. In computer simulations of two-

dimensional cardiac tissue, this criterion for activation has been found to correlate

closely with the time of maximum depolarizing sodium inward current39.

Isochronal maps that represent the position of the wavefront at constant time

intervals (5 ms) were calculated from the activation data using MATLAB contour-

plotting functions. Local conduction velocities were estimated using an estab-

lished algorithm40 and used multiple times on optical mapping data from isolated

heart preparation41,42. Briefly, regions of interest (ROIs), 16 3 16 pixels in size and

covering an area of about 35 3 35mm2 of cardiac tissue, were defined within the
inner curvature or the outer curvature of the same heart (Supplementary Fig. 1b,

c). All isochronal maps show ROIs in which conduction velocities were estimated.

The size of the ROI was the same for all measurements and is large enough to give a

good estimate of conduction velocities while remaining restricted to the inner or

outer curvature of the developing heart. Similar ROIs were chosen for calculating

calcium concentrations within the ventricles. Errors resulting from variations in

the positions of these ROIs were less than 10% and smaller than the variations of

these measurements between different hearts. To improve the spatial resolution

and the accuracy of the propagation velocity calculation, we inserted one additional

pixel between every two pixels by spatial interpolation, resulting in a ROI of 32 3 32

pixels. This spatial interpolation improved the accuracy of the polynomial surface

fit resulting in a root-mean-squared error (r.m.s.e.) of less than 0.25 ms for more

than 90% of the fits in each ROI. Only velocity vectors resulting from fits that had an

overall r.m.s.e. of less than 0.25 ms were considered. We calculated the average

conduction velocity, v, in each ROI as

v~
1

n

Xn

i~1

jvi j

where vi is the velocity vector at pixel i and n is the number of vectors in the ROI

(Supplementary Fig. 1b, c). Average conduction velocities are independent of the

direction of wavefront propagation and are shown in all conduction velocity bar

graphs. We also calculated average conduction velocity vectors, w, as

w~
1

n

Xn

i~1

vi

and show them as red arrows in representative isochronal maps. It is important to

note that the magnitude of the average conduction velocity vector, jwj, depends on

the directions of the individual conduction velocity vectors vi in the corresponding

ROI and thus is larger in ROIs where most vectors point in the same direction than

in areas where many vectors point in different directions (Supplementary Fig. 1b, c).

Therefore, average velocity vectors superimposed on each of the isochronal maps

indicate an integral of the mean direction rather than the magnitude of electrical

conduction in the corresponding ROI.

Immunostaining and image analysis. We fixed hearts, isolated from 72-h.p.f.

zebrafish embryos, in Prefer fixative (Anatech) and stained them with the primary

antibodies rabbit anti-connexin43 (Sigma) 1:50, mouse anti-b-catenin (BD

Biosciences) 1:200 and mouse anti-zn8 (DSHB) 1:50, and the secondary antibodies

donkey anti-rabbit or mouse Alexa Fluor 488 or 546 conjugated (Invitrogen)

1:1,000. Confocal images were analysed using IMAGEJ.

Cardiac-specific mosaic overexpression of wnt11:CFP. wnt11:CFP fusion

protein was cloned downstream of cmlc2 (also known as myl7) promoter into

the Tol2kit expression system using Gateway technology (Invitrogen). We co-

injected DNA (10mgml21 or 25 mg ml21) with 25 mg ml21 capped Tol2 transpo-

sase mRNA into 1-cell-stage embryos.

Drug treatment. We added nifedipine (10mM, Sigma) or Bay K-8644 (20mM,

AG Scientific) to 30-h.p.f. zebrafish embryos in egg water buffered with 5 mM

HEPES. Isolated zebrafish hearts were incubated in a mix of thapsigargin (10mM,

Sigma) and caffeine (10 mM, Sigma) in Tyrode’s solution for 45 min before

optical imaging.
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Microtubule nucleating c-TuSC assembles structures
with 13-fold microtubule-like symmetry
Justin M. Kollman1, Jessica K. Polka2, Alex Zelter3, Trisha N. Davis3 & David A. Agard1

Microtubules are nucleated in vivo by c-tubulin complexes. The
300-kDa c-tubulin small complex (c-TuSC), consisting of two
molecules of c-tubulin and one copy each of the accessory proteins
Spc97 and Spc98, is the conserved, essential core of the micro-
tubule nucleating machinery1,2. In metazoa multiple c-TuSCs
assemble with other proteins into c-tubulin ring complexes (c-
TuRCs). The structure of c-TuRC indicated that it functions as a
microtubule template2–5. Because each c-TuSC contains two mole-
cules of c-tubulin, it was assumed that the c-TuRC-specific pro-
teins are required to organize c-TuSCs to match 13-fold
microtubule symmetry. Here we show that Saccharomyces cerevi-
siae c-TuSC forms rings even in the absence of other c-TuRC
components. The yeast adaptor protein Spc110 stabilizes the rings
into extended filaments and is required for oligomer formation
under physiological buffer conditions. The 8-Å cryo-electron
microscopic reconstruction of the filament reveals 13 c-tubulins
per turn, matching microtubule symmetry, with plus ends exposed
for interaction with microtubules, implying that one turn of the
filament constitutes a microtubule template. The domain struc-
tures of Spc97 and Spc98 suggest functions for conserved sequence
motifs, with implications for the c-TuRC-specific proteins. The
c-TuSC filaments nucleate microtubules at a low level, and the
structure provides a strong hypothesis for how nucleation is regu-
lated, converting this less active form to a potent nucleator.

Microtubules assembled in vitro have a broad distribution of proto-
filament numbers centred on 14 (ref. 6). However, microtubules
nucleated in cells mostly have 13 protofilaments7, suggesting that
c-tubulin complexes constrain microtubule geometry. Thirteen-fold
symmetry is probably preferred because it allows the protofilaments
to run straight along the microtubule (as opposed to being twisted in
other protofilament symmetries), allowing motor proteins tracking
processively to remain on one face of the microtubule. It has generally
been assumed that c-TuRC-specific proteins form a cap-like struc-
ture that establishes 13-fold symmetry by providing a scaffold for
c-TuSC assembly. How c-TuSC is organized in organisms such as
Saccharomyces cerevisiae, which lack all of the c-TuRC-specific pro-
teins, has remained an open question.

The sequence and structural similarity between c-tubulin and a/b-
tubulin indicated that nucleation results from microtubule-like con-
tacts between c-tubulin and a/b-tubulin8. The microtubule lattice
consists of lateral and longitudinal contacts9,10; the stronger longit-
udinal contacts define microtubule polarity, with plus and minus
ends (Supplementary Fig. 1). The template model for microtubule
nucleation predicts that c-tubulins interact laterally to form a ring
that makes longitudinal contacts with a/b-tubulin2–5 minus ends;
alternative models that predict lateral interactions between c-tubulin
and a/b-tubulin11 have not been definitively ruled out.

Our previous 25-Å structure of Saccharomyces c-TuSC was deter-
mined in buffer conditions that yielded predominantly monomeric
complexes12,13. Here we show that buffer conditions that promote
microtubule growth (BRB80: low salt, pH 6.9) also promote the
spontaneous assembly of c-TuSCs into rings similar to Drosophila
c-TuRCs2,4 (Fig. 1a, b). Ring formation was sensitive to both salt and
pH (Supplementary Fig. 2a–c). The c-TuSC rings bound microtu-
bules, and many of these microtubule ends are capped (Fig. 1c), in a
similar manner to microtubules nucleated in vivo14,15 or from
c-TuRCs in vitro3,4,16. Spontaneous assembly suggests that ring
formation is an intrinsic property of c-TuSC, and is not dependent
on c-TuRC-specific proteins.

The amino-terminal 220 residues of Spc110 (Spc1101–220), which
attaches c-TuSC to the nuclear face of the yeast spindle pole body,
markedly increased the stability and length of c-TuSC assemblies
(Fig. 1d). Co-purification with Spc1101–220 yielded a continuum of
c-TuSC oligomers ranging from dimers to long, well-ordered helical
filaments, even under conditions where c-TuSC alone fails to
assemble (Supplementary Fig. 2d–f). We determined the three-
dimensional structure of c-TuSC filaments from cryo-electron
micrographs (Fig. 2a), using iterative helical real-space reconstruc-
tion, a single-particle approach to helical structure determination17.
The resolution of the reconstruction, which included about 25,000
c-TuSC subunits, was estimated at 8 Å by the Fourier shell correla-
tion 0.5 cutoff (Fig. 2b).

1Department of Biochemistry and Biophysics, Howard Hughes Medical Institute, and Keck Advanced Microscopy Center, University of California, San Francisco, San Francisco,
California 94158, USA. 2Cellular and Molecular Pharmacology, University of California, San Francisco, San Francisco, California 94158, USA. 3Department of Biochemistry, University
of Washington, Seattle, Washington 98195, USA.

a b c d

Figure 1 | c-TuSC oligomers form spontaneously and are stabilized by
Spc110. a, Ring-like structures were observed in negative-stain electron
micrographs of Saccharomyces c-TuSC at pH 6.9. b, c-TuRC purified from
Drosophila embryos is similar in shape and size to thec-TuSC rings. c, Capped
ends were observed on microtubules grown in the presence of preformed
c-TuSC rings. d, Negative-stain images of c-TuSC filaments formed on co-
purification with Spc1101–220. Scale bars, 25 nm (a–c) and 50 nm (d).
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The filament is a single spiral of laterally associated c-TuSCs, with-
out contact between layers (Fig. 2c, d and Supplementary Movie 1).
The helical symmetry (54.3u rotation and 22.2 Å rise per subunit)
gives rise to just over 6K c-TuSCs—or 13 c-tubulins—per turn, with
a half c-TuSC overlap. Each turn of helix forms a lock-washer shape
similar to that of c-TuRC4 (Fig. 2e). The 13-fold c-tubulin symmetry
of the filament is dictated largely by the extensive lateral interactions
between Spc97 and Spc98 of adjacent c-TuSCs (Fig. 2e and
Supplementary Fig. 6a), locking in the lateral tubulin contacts, which
on their own are flexible enough to accommodate a range of different
symmetries. We propose that a c-TuSC assembly very similar to a
single ring from the filament provides the constraint that limits
microtubules to 13 protofilaments in all eukaryotes in vivo7.

c-TuSC in the filament is remarkably similar to free c-TuSC13,18

(Fig. 2f and Supplementary Fig. 3), indicating that oligomerization
does not induce large-scale conformational changes. The 8-Å struc-
ture provides new insight into the domain architecture of Spc97 and
Spc98: they dimerize at their N-terminal ends nearest the helical axis,
and have extended central domains connecting to carboxy-terminal
c-tubulin-binding domains. The central domain of Spc98 is kinked,
at a position previously shown to be the site of limited hinge-like
flexibility13. The masses of the domains determined from the cryo-
electron microscopy map provide a rough estimate of their bound-
aries in each sequence, indicating the positions of the grip1 and
grip2 motifs, conserved in all c-tubulin complex proteins19

(Supplementary Fig. 4a, b). The grip2 motif covers nearly half of
the C-terminal domains, strongly suggesting that it is important
for c-tubulin binding. The grip1 motif is in the central domain, near
inter-c-TuSC contacts and the kink in Spc98. We tentatively assign
Spc1101–220 to a ridge of density running along the exterior face of
c-TuSC in the filament, making contacts primarily with Spc98
(Supplementary Fig. 3). The resolution of the reconstruction seems
to be non-uniform, as tubes of a-helical density are clear in the
N-terminal domains of Spc97 and Spc98 at the core of the structure,
but secondary structure features are not well defined in the peripheral
density, where c-tubulin is located (Supplementary Fig. 5). The lower
effective resolution in the c-tubulin regions may be due to limited
flexibility in the weak connections between the central and
C-terminal domains of Spc97 and Spc98.

The humanc-tubulin crystal structure20 was fitted into the density in
the regions previously assigned to c-tubulin13 (Fig. 3a, b). The minus-
end longitudinal surface of c-tubulin is completely buried in the inter-
face with Spc97/Spc98. The lateral contacts between c-tubulins of

0

0.5

1.0

0.10 0.2 0.3 0.4

8 Å

Resolution (Å–1)

Fo
ur

ie
r 

sh
el

l c
or

re
la

tio
n

a

Filament interiorFilament exterior

 90º  90ºSpc98
Spc97

γ-Tubulin

Spc1101–220

b

c d

f

e

~1/2
γ-TuSC
overlap
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density for comparison. b, Thirteenc-tubulins fit into one turn of the filament.
Neighbouring c-tubulins in the same c-TuSC are the same colour. c, d, The
c-tubulin symmetry (c) is similar to that of a 13-protofilament microtubule
(d), but separated intra-c-TuSC c-tubulins alternate with contacting inter-c-
TuSC c-tubulins. e, To illustrate the mismatch between geometries, laterally
interacting a/b-tubulin heterodimers were aligned to the filament so that the
central a/b-tubulin makes longitudinal contacts to c-tubulin.
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neighbouring c-TuSCs are nearly identical to microtubule lateral con-
tacts. The two c-tubulins within each c-TuSC are skewed slightly
apart, in a configuration incompatible with the microtubule lattice
(Fig. 3b, c), as observed in the free c-TuSC structure13. This symmetry
gives rise to an alternating pattern ofc-tubulin pairs with microtubule-
like lateral spacing separated by gaps, generating a staggered mismatch
with the microtubule lattice (Fig. 3c–e). The only microtubule lattice
surface of c-tubulin fully exposed in the filament is the plus-end face,
favouring a model in which c-tubulin makes longitudinal contacts
with a/b-tubulin. This, combined with the 13-fold c-tubulin sym-
metry, provides the strongest evidence so far to support a c-tubulin
template mechanism for microtubule nucleation.

We tested the capacity of c-TuSC oligomers to nucleate microtu-
bules (Fig. 4). At pH 6.9 both c-TuSC alone and c-TuSC filaments
provided modest levels of nucleation, slightly higher for c-TuSC
filaments than for c-TuSC alone. At pH 7.5 c-TuSC alone does not
nucleate microtubules, whereas the filaments retain a low level of
nucleation. As c-TuSC rings do not form at pH 7.5, but c-TuSC
filaments remain intact (Supplementary Fig. 2b, c), these results sug-
gest that c-TuSC nucleation activity is assembly-dependent. The
levels of nucleation observed are consistent with previous measure-
ments for c-TuSC2,21 but are less robust than seen with c-TuRC2,5,
suggesting that assembly alone is insufficient to fully activate c-TuSC
nucleating activity. The arrangement of c-tubulin in c-TuSC oligo-
mers provides a structural explanation for their relatively modest
nucleating activity. Nucleation probably arises from the inter-c-
TuSC c-tubulin pairs, which have the correct microtubule lattice
spacing. Simulations indicate that a c-TuSC assembly in which all
of the c-tubulins make lateral microtubule-like contacts would pro-
vide greatly enhanced nucleation (L. Rice, personal communication).

The structure provides a clear hypothesis for how nucleation could
be fully activated. We previously predicted that bending at the flex-
ible kink in Spc98 is required to bring the intra-c-TuSC c-tubulins to
the microtubule spacing13,18. We speculated that c-TuSC assembly
might drive this change, but that clearly is not so—a similar confor-
mational change is still required in c-TuSC rings. In the lower-reso-
lution c-TuSC structure we predicted that the movement would be a
closure of the gap between c-tubulins; here we see that the movement
must be more perpendicular to the edge of the ring, bringing c-tubu-
lin in towards the helical axis. A rotation of 23u about the kink in
Spc98 would reposition c-tubulin by 26 Å, bringing it to the micro-
tubule lattice spacing (Supplementary Fig. 7 and Supplementary
Movies 2 and 3). The staggered c-tubulin arrangement probably
serves a regulatory function, maintaining c-TuSC oligomers in a
low-activity state until a signal (such as protein binding or post-
translational modification) directs the rearrangements in Spc98

necessary to form a template with exact microtubule lattice geometry.
Although less likely, rearrangement of the c-tubulins could be
induced by binding of a/b-tubulin. In such a model c-TuSC would
function primarily as a cap for stabilizing and localizing microtubule
minus ends, rather than as a strong nucleator.

The marked enhancement of c-TuSC oligomer stability by Spc110,
combined with its role in c-TuSC localization, probably serves to
ensure that microtubule template assembly in yeast occurs only at
the spindle pole body. We propose a general model for microtubule
nucleation in which Spc110 or its functional equivalent directly
attaches c-TuSC to microtubule organizing centres, promoting tem-
plate assembly. A subsequent activation step then fully activates nuc-
leation by rearranging the c-tubulin network (Fig. 5a). In a template
with seven c-TuSCs, the location of the half c-TuSC overlap defines
the position of the 13-protofilament microtubule seam; a single lat-
eral contact between c-tubulin and a-tubulin would be made at the
overlap, as well. It is unclear how many c-TuSCs are required to
nucleate a microtubule—an incomplete ring may be sufficient to
initiate growth.

The c-TuSC filament structure provides unique insight into the
roles of c-TuRC-specific proteins. Our results clearly show that
c-TuSC assembly alone establishes 13-fold c-tubulin symmetry, indi-
cating that the c-TuRC-specific proteins are not required as a scaf-
fold. This is consistent with the observation that all of the c-TuRC-
specific proteins can be depleted without affecting centrosomal
microtubule nucleation of 13-protofilament microtubules22,23.
Although not required as a scaffold, the c-TuRC-specific proteins
may serve to stabilize the ring structure or fully activate nucleation
activity, and they are essential for c-TuRC localization at non-cen-
trosomal sites, as in augmin-dependent binding within the mitotic
spindle24 (Fig. 5b).

We suggested earlier that the grip1 and grip2 motifs, conserved in
all the c-TuRC-specific proteins, are involved in ring assembly con-
tacts and c-tubulin binding, respectively. This raises the possibility
that the c-TuRC-specific proteins may each bind c-tubulin and
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substitute for Spc97 or Spc98 in the ring itself. To do this, they might
form hybrid c-TuSCs with one of the c-TuRC-specific proteins plus
Spc97 or Spc98, alternative c-TuSCs with two different c-TuRC-
specific proteins, or unique half c-TuSCs (Supplementary Fig. 8).
Such alternative c-TuSCs might serve to initiate or terminate
c-TuSC oligomerization, or to stabilize the ring at the overlapping
ends, while providing unique attachment sites in the structure of the
ring itself.

METHODS SUMMARY
c-TuSC was co-expressed with glutathione S-transferase (GST)–Spc1101–220 as

described13,21, except that complexes were eluted by cleavage of the GST tag with

tobacco etch virus (TEV) protease as the final purification step. c-TuSC rings

were formed by incubation for 30 min on ice after dilution to 0.2mM in BRB80

(80 mM PIPES pH 6.9, 1 mM EGTA, 1 mM MgCl2). Nucleation assays were

performed essentially as described21. The cryo-electron microscopic reconstruc-

tion was performed essentially as described17,25.

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
Sample preparation. c-TuSC was co-expressed with GST–Spc1101–220 in Sf9 cells

and purified as described, in H100 buffer (40 mM Hepes pH 7.6, 100 mM KCl,

1 mM EGTA, 1 mM MgCl2)13,21, except that complexes were eluted from

glutathione resin by cleavage of the GST tag with TEV protease as the final

purification step. c-TuSC rings were formed by a 30-min incubation on ice after

dilution to 0.2mM in BRB80 (80 mM PIPES pH 6.9, 1 mM EGTA, 1 mM MgCl2).

For cryo-electron microscopy, c-TuSC/Spc1101–220 filaments were at 2 mg ml21

total protein in H100. c-TuRCs were purified from Drosophila embryos as

described2. Microtubules were grown in the presence of c-TuSC rings and pre-
pared for electron microscopy as described3, with the exception that microtubules

were crosslinked for 3 min in 1% glutaraldehyde before sedimentation. Negative-

stain samples were prepared as described26 in 0.75% uranyl formate, and cryo-

electron microscopy samples were prepared on C-FLAT holey carbon grids27 with

a Vitrobot (FEI Co.).

Electron microscopy and image processing. Negative-stain electron micro-

scopy was performed on a Tecnai T12 Spirit (FEI Co.) operating at 120 kV,

and images were acquired on a 4k 3 4k charge-coupled device camera (Gatan,

Inc.). Cryo-electron microscopy data were obtained on a Tecnai F20 operating at

200 kV with an 8k 3 8k TemCam-F816 camera (TVIPS) with a pixel size of

1.19 Å per pixel. Defocus was determined with CTFFIND28, and each micrograph

was corrected by application of a Wiener filter. Particles were boxed out in 505-Å

segments, overlapping by 480 Å. After several initial rounds of alignment, the

particles were centred with respect to the helix axis by integer pixel shifts, then

masked to 310 Å along the helical axis and 380 Å perpendicular to the axis with a

cosine-edged mask.

Iterative helical real-space reconstruction was performed essentially as

described17,25, using SPIDER29. Initially, 18 rounds of projection matching were
performed with 23 binned particles, with the helical symmetry parameters

refined and imposed at each step with the programs hsearch_lorentz and him-

pose17. In subsequent rounds, helical symmetry parameters were fixed, real-space

symmetry was imposed with SPIDER, and refinement was limited to searching

within 2u of orientation assignments from the previous round. Seven rounds of

refinement were performed, after which particles were re-masked to 160 Å along

the helical axis (corresponding to about 1.3 turns of helix) to reduce the effects of

bending in the helix. Five rounds of refinement were performed with these

masked particles, then a final 15 rounds using the unbinned, masked particles.

A 300-Å2 B-factor was applied to the final reconstruction by using the program

BFACTOR. Volumes were viewed and segmented with Chimera30. Automated

segmentation of Spc97 and Spc98 into domains was performed with the Chimera

plug-in Segger. The crystal structure of c-tubulin was fitted into the density by

initial manual placement and then fitting with the Chimera fitting routine.

Microtubule nucleation assays. The solution nucleation assays were performed

essentially as described21. Rhodamine-labelled tubulin in assembly buffer

(BRB80; 25% glycerol, 1 mM GTP) was incubated on ice for 5 min with

c-TuSC or c-TuSC/Spc1101–220 filaments (150 nM final c-TuSC concentration)

or H100 as a buffer control. The assembly reactions were transferred to a 37 uC
water bath for 4 min, diluted tenfold in warm assembly buffer containing 1%

glutaraldehyde to crosslink microtubules for 3 min, then diluted 20-fold in cold

BRB80. BRB80 was at pH 6.9 or 7.5, with 1.2 mg ml21 tubulin for the pH 6.9

experiments and 2.0 mg ml21 tubulin for the pH 7.5 experiments.

The crosslinked microtubules were spun through a cushion of BRB80 contain-

ing 20% glycerol onto polylysine-coated coverslips. Microtubules were imaged

by rhodamine fluorescence on an Axiovert microscope, with images recorded on

a charge-coupled device camera. Microtubules were counted in 15 random fields

for each experiment, and the values for each experiment were normalized against

the buffer control.
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LETTERS

Structure of the LexA–DNA complex and implications
for SOS box measurement
Adrianna P. P. Zhang1{, Ying Z. Pigli2 & Phoebe A. Rice2

The eubacterial SOS system is a paradigm of cellular DNA damage
and repair, and its activation can contribute to antibiotic
resistance1–3. Under normal conditions, LexA represses the tran-
scription of many DNA repair proteins by binding to SOS ‘boxes’
in their operators. Under genotoxic stress, accumulating com-
plexes of RecA, ATP and single-stranded DNA (ssDNA) activate
LexA for autocleavage. To address how LexA recognizes its bind-
ing sites, we determined three crystal structures of Escherichia coli
LexA in complex with SOS boxes. Here we report the structure of
these LexA–DNA complexes. The DNA-binding domains of the
LexA dimer interact with the DNA in the classical fashion of a
winged helix–turn–helix motif. However, the wings of these two
DNA-binding domains bind to the same minor groove of the DNA.
These wing–wing contacts may explain why the spacing between
the two half-sites of E. coli SOS boxes is invariant.

The LexA protein contains two domains: an amino-terminal
winged helix–turn–helix (wHTH) DNA-binding domain, and a
carboxy-terminal dimerization and latent protease domain (Fig. 1
and Supplementary Fig. 1). The structure of apo-LexA4 shows the two
domains connected by a short flexible linker, with the scissile peptide
bond lying in a loop just within the C-terminal domain. The
C-terminal domain’s autoproteolytic activity is activated by inter-
action with RecA–ssDNA–ATP filaments, and leads to separation of
the domains and exposure of a degradation tag on the DNA-binding
domain5. The protease active site lies in a hydrophobic indentation
and includes a nucleophile, Ser 119, and a general base/acid, Lys 156.
In the absence of RecA, autocleavage activity is only appreciable at
very high pH, at which the lysine residue would be neutral. Binding to
the RecA filament most probably stabilizes a conformation in which
the cleavage-site-containing loop docks across the active site, shield-
ing Lys 156 from solvent, thus making it a more effective catalyst by
lowering its pKa (ref. 4).

DNA binding by LexA has been studied extensively6,7, but a struc-
tural framework for these data has been elusive. The consensus
sequence8 for SOS boxes is CTGTN8ACAG, and the length of the
8-base-pair (bp) spacer is invariant. Here we report three crystal
structures of a catalytically inactive mutant LexA (K156A) in com-
plex with SOS-box-containing DNAs: ‘A22’ and ‘B22’, which differed
only in the spacer sequence and formed similar crystals, and ‘C29’
with longer flanking DNA, which led to different crystal packing
interactions. The diffraction was anisotropic, with the best data set
extending to 3.0, 2.6 and 2.3 Å along the three principal axes (‘A22’;
Supplementary Tables 1 and 2). These structures offer insights into
how the spacer sequence can modulate binding affinity and how
LexA measures the length of the SOS box’s spacer.

The structures of the LexA–DNA complexes reveal interactions
between the two DNA-binding domains. The individual domains
bind DNA in a canonical fashion, with the recognition helix (a3)

nestled in the major groove and the wing contacting the phosphodie-
ster backbone across the adjacent minor groove. Unlike many dimeric
wHTH proteins such as CAP and MarR family members9,10, the wings
point inwards and meet in the central minor groove. The wings also
contact the a1–a2 loop of the opposite DNA-binding domain,
forming a small hydrophobic core (Supplementary Table 3). This

1Department of Chemistry, The University of Chicago, Chicago, Illinois 60637, USA. 2Department of Biochemistry and Molecular Biology, The University of Chicago, Chicago, Illinois
60637, USA. {Present address: Department of Immunology, The Scripps Research Institute, 10550 North Torrey Pines Road, La Jolla, California 92037, USA.
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Figure 1 | Overall structure of the E. coli LexA–DNA complex. a, LexA–DNA
complex (in crystal form A22); individual subunits are coloured blue and pink,
and the bases comprising the consensus sequence are shown in cyan. The five-
residue linker between domains was too poorly ordered to be modelled. The
colour of each protomer changes from dark to light at the scissile peptide bond
(A84–G85). Green balls represent the catalytic residues of the latent protease:
S119 (nucleophile) and K156 (general base, here mutated to alanine).
b, Comparison of the DNA-binding domains of bound (magenta), unbound
crystal (aqua) (Protein Data Bank accession code 1JHH4), and NMR7 (green)
(1LEA) structures. The root mean squared deviation values for superimposing
the unbound crystal and NMR structures onto A22 are 0.37 and 0.67 Å,
respectively (CCP4: LSQKAB (ref. 28)). c, Variable position of the cleavage
loop. The catalytic domains are coloured as in a, with the cleavage loops in red.
In the A22 dimer both scissile peptide bonds (arrows) are docked in the active
sites, in B22 they are displaced from the active sites, and in the apo form
(1JHH) one is docked and one is displaced. This suggests that DNA binding
does not preferentially induce the loop into one state or the other.
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protein–protein interface buries a relatively small 372 Å2 of otherwise
solvent-accessible surface area, in agreement with previous results that
the DNA-binding domain is monomeric in solution (unless otherwise
specified, all detailed conclusions are based on the highest-resolution
structure, A22)11,12. However, that the formation of this interface is
synergistic with DNA binding is supported by the results of a genetic
screen for LexA variants with enhanced affinity13. All of the selected
mutations that map to the DNA-binding domain lie at this interface.

Disparate models of the LexA–DNA complex have been proposed.
Although most models predicted that the wings of the DNA-binding
domains would interact with the outer minor grooves14,15, the bind-
ing domains were properly oriented in a previous model that relied
the most heavily on experimental data7. The latter also correctly
predicted that the DNA would bend towards rather than away from
the catalytic domain.

Comparisons of our complex structures and the unbound forms4

yield interesting similarities and differences (Supplementary Fig. 2).
The dimer formed by the two catalytic domains is essentially the same
in all crystal forms, with the exception of the ‘cleavage loop’ contain-
ing the scissile peptide bond. The structures of the individual DNA-
binding domains are also nearly unchanged (Fig. 1b). However, the
relative position of the N-terminal and C-terminal domains is highly
variable. The interdomain linker is short: only five residues (70–74)
are disordered in our structures. However, it is so flexible that it
allows a roughly 180u reorientation of the DNA-binding domain in
the unbound form (Supplementary Fig. 2a). We crystallized LexA–
DNA complexes in two different crystal forms, and comparison of
these structures shows that, even with DNA bound, the two domains
can move freely relative to one another (Supplementary Fig. 2b). This
flexibility may allow easier docking to RecA–ssDNA–ATP filaments
even while bound to promoter DNA.

The position of the cleavage loop also varies between structures
(Fig. 1c). In our highest-resolution structure, A22, the tip of this loop
is ordered in both subunits, with the scissile peptide bond (A84–G85)
poised for attack by the active-site Ser 119. However, in our B22 com-
plex, which differs only in the spacer sequence and forms nearly iso-
morphous crystals, neither cleavage loop is docked, and the scissile
peptide bonds are located 20 Å from the cleavage cavity. Alternating
conformations of this loop were previously observed in catalytically
inactive apo-LexA dimers4. We suggest that, for the catalytically inactive
mutants used to obtain these structures, the cleavage loop can dock and
undock with an equilibrium close enough to unity that minor environ-
mental changes can shift its preferred position. However, in the wild
type, docking would incur a considerable energetic cost because Lys 156
is buried. Presumably, the binding energy of contacts between the RecA
filament and LexA is used to pay that price, activating LexA for auto-
cleavage. Given the mismatch in symmetry between LexA dimers and
head-to-tail RecA filaments, separate docking events are probably
required to cleave both halves of a LexA dimer16. However, the loss of
one DNA-binding domain from a dimer would drastically decrease
DNA binding and relieve transcriptional repression.

Recognition of the conserved CTGT motif (C5NG20 to T8NA17 in
our numbering scheme) seems to rely heavily on direct readout (Fig. 2).
The N-terminal portion of the recognition helix, a3, tucks into the
major groove and makes direct and/or water-mediated interactions
with all four base pairs. C5 donates a hydrogen bond to Glu 45, muta-
tion of which (to Val or Ala) results in relaxed specificity at this posi-
tion17. T6 forms both a hydrogen bond with Asn 41 and a hydrophobic
contact to Ala 42. A triple mutation that includes Asn 41 and Ala 42
alters the sequence preference from 59-CTGT-39 to CCGT11. Asn 41
seems to be a key residue, because it also forms direct hydrogen bonds
to the next base pair, G7NC18, and a water-mediated hydrogen bond
with A17 (paired to T8). Finally, G7 forms a second hydrogen bond to
the hydroxyl of Ser 39. The only direct contact to the T8NA17 pair is the
water-mediated interaction with Asn 41, and from our structure it is
unclear how that mediates sequence specificity. However, there may be
additional water-mediated contacts, not visible at this resolution, that

contribute to specificity. Indirect readout of the DNA’s more subtle
sequence-dependent conformational preferences may also function in
sequence recognition here. The protein makes direct contacts to only
one base outside the CTGT consensus sequence: the methyl group of
T16 (which pairs with A9) lies in a hydrophobic dimple between a3
and the aliphatic portion of R28. However, we found that this makes a
relatively small contribution to overall affinity (see below).

By examining more sites, less stringently conserved bases can
be included, and the consensus sequence can be extended to
59-TACTGT(AT)4ACAGTA-39 (refs 18, 19), which is the sequence
used in our highest-resolution ‘A22’ crystal. With the exception of
T16, LexA contacts only the phosphate backbones of the additional
bases. Its preference for A/T pairs in those positions must therefore
reflect indirect rather than direct readout.

The flanking DNA regions curve around the sides of the protein,
leading to a global bend of about 35u in both crystal forms (Sup-
plementary Fig. 3). Much of this bend seems to be induced by inter-
actions of the phosphate backbone with a region of positive charge at
the N terminus of a1 (Arg 7 and the helix dipole) and the C terminus
of a3 (Arg 52 and Lys 53). Mutation of these residues along a3
decreases binding11,20. The contacts explain the extended interface
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Figure 2 | Binding of the E. coli LexA–DNA complex. a, Schematic
representation of protein–DNA interactions observed in the LexA–DNA
structure. Amino-acid residues in bold and bases highlighted in red
represent interactions with the bases. Remaining amino-acid residues
contact the DNA phosphodiester backbone. b, Detailed contacts with the
consensus sequence. In addition to the hydrogen bonds shown as dotted
lines, there is a van der Waals interaction between A42 and the methyl group
of T6. c, Interface between DNA-binding domains: top, viewed from the
catalytic domains; bottom, expanded and rotated roughly 90u about a
horizontal axis. Residues that seem to make key protein–protein contacts are
shown as sticks, and those whose mutations enhanced DNA binding are
highlighted in green (specifically T22I, E57K, V59I, and A62T or A62V
(ref. 13)). d, Zoomed-in view of the electrostatic potential surface map of the
wing region. The main-chain amide group of S63 and guanidine groups of
R64 and R28 interact with the phosphate groups of T14 and A15. The side
chains of R28, P40 and E44 form a hydrophobic pocket that stabilizes the
methyl group of T16. The electrostatic potential at the protein surface was
calculated with APBS, and the colour scale ranges from 210kT/z (bright red)
to 110kT/z (dark blue)29.
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predicted from ethylation interference, photo-crosslinking and
hydroxyl-radical-cleavage experiments6,21.

At the centre of the complex, where the minor groove faces the
protein, the two wings of LexA cross, forming the protein–protein
interface described above (Fig. 2c, d). The wingtips bind across the
minor groove, and in conjunction with R28 and the N terminus of
helix 2 they form positively charged binding pockets for the phos-
phate groups of T14 and A15. The minor groove is unusually narrow
in this region, presumably to fit into this network of interactions
(Supplementary Fig. 4a).

Narrow minor grooves are often associated with A/T-rich regions of
DNA, in agreement with the preference of LexA for an A/T spacer22.
However, many functional SOS boxes do include GNC pairs within the
spacer22. To investigate how a G/C-rich spacer interacts with LexA, we
changed the central base pairs from ATAT to GCGC, resulting in
structure ‘B22’. The width of the minor groove is essentially unchanged
(Supplementary Fig. 4). Although B22 is a lower-resolution structure
(3.6, 3.1 and 2.9 Å), the density for the DNA backbone is strong enough
to define the overall groove width. Thus, the protein–protein interface
between DNA-binding domains seems strong enough to compress
even a G/C-rich minor groove. The alternating pyrimidine–purine
nature of both spacer sequences may also facilitate this compression,
because 59-Y-R steps are particularly flexible.

To further assess the role of the spacer, we characterized binding
with various DNA substrates (Table 1), including those sequences
used in our crystallizations (the duplex ends were extended to pre-
vent hairpin formation at low concentrations). As expected, the site
carrying the consensus spacer sequence, (AT)4 (ref. 22), yielded the
tightest binding, with an apparent Kd of 0.8 nM under our condi-
tions. The AT-rich consensus sequence and narrow minor groove
suggest that GC base pairs would be disfavoured, as in the case of
bacteriophage 434 and P22 repressors23,24. The four GNC base pairs
found in the spacer of the B22 structure decreased affinity only two-
fold. This was similar to the effect of the two GNC pairs found in the
symmetrized RecA SOS box used in C29. Changing the entire spacer
from alternating As and Ts to a more rigid A-tract decreased the
affinity about fivefold. This relatively minor decrease in affinity
may reflect the fact that only in the centre of the structure is the
minor groove as narrow as that of an A-tract (Supplementary Fig. 4).
It could also reflect some other advantage of the flexibility of the

alternating sequence, such as the ability to adopt the alternating high/
low twist seen in the structure.

When the outer region of the spacer sequences was changed, differ-
ences were much more apparent. When the GC repeat was extended
to cover the entire spacer region, the apparent Kd weakened about 100-
fold (Table 1, AT-GC spacer versus GC-repeat spacer). However,
restoring the outermost base pair to ANT in both half-sites increased
binding about 40-fold (Table 1, GC-repeat versus TGC spacer). Our
structure shows that the methyl group of this T base, T16, is docked in a
hydrophobic pocket (Fig. 2d). We tested the importance of this methyl
group by replacing the thymine with uracil. Although this should leave
the hydrophobic pocket unfavourably open to solvent, it decreased the
affinity only about fivefold (Table 1, AT-GC versus U spacer). The
remaining observed differences lay in the substitution of cytosine for
thymine. It is unclear why thymine is favoured over cytosine.

LexA is less tolerant of modifications to the spacer length: extend-
ing or shortening it by one base pair decreased affinity by 200–250-
fold (Table 1, 11 and 21 spacers). Nevertheless, a small amount of
complex was still observed as smears on electrophoretic mobility-
shift assay (data not shown). The altered spacers would disrupt the
synergistic protein–protein and protein–DNA interactions between
the two binding domains and their respective half-sites.

Crystal structures of the wHTH motif have revealed versatile wing
functions in DNA binding, namely establishing protein–protein
interactions such as the heat-shock transcription factor–DNA com-
plex25 or intercalating into the minor groove like the AhrC26 repres-
sor. Although LexA shares the canonical wHTH motif, it uses its wing
not only to stabilize DNA binding but also to fulfil the spacer length
requirement of its SOS operators.

METHODS SUMMARY

A catalytically inactive mutant of E. coli LexA (K156A) was crystallized in com-

plex with its SOS operator sequences in two space groups: A22 (59-TATACTGT

ATATATATACAGTA-39) and B22 (59-TATACTGTATGCGCATACAGTA-39)

in P21212; and C29 (59-GTTGATACTGTA*TGATCATACAGTATCAA-39 in

which A* denotes the position of a nick in the sequence) in P212121. The aniso-

tropic resolution limits for A22 and B22 are 3.0, 2.6, 2.3 Å and 3.6, 3.1, 2.9 Å; R

and Rfree are 26.6% and 30.6% for A22, and 26.6% and 28.7% for B22. C29 was

not refined because of its low-resolution nature (4.0, 3.2, 4.0 Å). Supplementary

Fig. 5 shows the anomalous difference Fourier electron-density map illustrating

the location of the Br peaks for A22. Figures were generated with Pymol27.

Table 1 | Affinities of E. coli LexA for various DNA substrates

Duplex DNA sequence* Apparent Kd (nM)

RecA SOS box{ 59-GATGCCTGCGGATA CTGT AATGATCAT ACAG TATCAATTCTGGCT-39 1.67 6 0.26

39-CTACGGACGCCTAT GACA TTACTAGTA TGTC ATAGTTAAGACCGA-59

AT-repeat spacer 59-GATGCCTGCGGATA CTGT AATATATAT ACAG TATCAATTCTGGCT-39 0.80 6 0.27

39-CTACGGACGCCTAT GACA TTATATATA TGTC ATAGTTAAGACCGA-59

AT-GC spacer 59-GATGCCTGCGGATA CTGT AATGCGCAT ACAG TATCAATTCTGGCT-39 1.59 6 0.30

39-CTACGGACGCCTAT GACA TTACGCGTA TGTC ATAGTTAAGACCGA-59

U spacer 59-GATGCCTGCGGATA CTGT AATGCGCAU ACAG TATCAATTCTGGCT-39 8.16 6 1.75

39-CTACGGACGCCTAT GACA UUACGCGTA TGTC ATAGTTAAGACCGA-59

A-tract spacer 59-GATGCCTGCGGATA CTGT AAAAAAAAA ACAG TATCAATTCTGGCT-39 5.64 6 0.78

39-CTACGGACGCCTAT GACA TTTTTTTTT TGTC ATAGTTAAGACCGA-59

GC-repeat spacer 59-GATGCCTGCGGATA CTGT GGCGCGCGC ACAG TATCAATTCTGGCT-39 ,100{
39-CTACGGACGCCTAT GACA CCGCGCGCG TGTC ATAGTTAAGACCGA-59

TGC spacer 59-GATGCCTGCGGATA CTGT AACGCGCGT ACAG TATCAATTCTGGCT-39 2.40 6 0.50

39-CTACGGACGCCTAT GACA TTGCGCGCA TGTC ATAGTTAAGACCGA-59

21 spacer 59-GATGCCTGCGGATA CTGT AATATATT ACAG TATCAATTCTGGCT-39 ,250{
39-CTACGGACGCCTAT GACA TTATATAA TGTC ATAGTTAAGACCGA-59

11 spacer 59-GATGCCTGCGGATA CTGT AATATATAAT ACAG TATCAATTCTGGCT-39 ,200{
39-CTACGGACGCCTAT GACA TTATATATTA TGTC ATAGTTAAGACCGA-59

The central 29 bp of the ‘RecA SOS box’ duplex match those used in crystal form C29, and the central 22 bp of the ‘AT-repeat spacer’ and ‘AT-GC’ spacer duplexes match those in crystal forms A22
and B22, respectively. The extended duplexes were designed to prevent hairpin formation at low concentrations.
*Underline, LexA consensus sequence; bold, spacers.
{Nucleotide number 23 was changed from the original G to T to make the DNA self-complementary for crystallization.
{No distinct product bands were observed. Rather, the gels showed smearing, indicating that the complexes fell apart during the course of the electrophoretic mobility-shift assay, and unbound DNA
bands that decreased with increasing protein concentration (data not shown). These binding affinities were estimated by eye.

NATURE | Vol 466 | 12 August 2010 LETTERS

885
Macmillan Publishers Limited. All rights reserved©2010



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
Sample preparations. LexA was cloned from genomic Escherichia coli DNA into

the pET21a vector using PCR primers 59-GGGAATTCCATATG(His-tag)6GG

TAAAGCGTTAACGGCC-39 and 59-GCCGCTCGAGTCATTACAGCCAGTC

GCCGTT-39. The K156A mutant was introduced using primers 59-ATGA

CGAAGTTACCGTTGCGCGCCTGAAAAAACAGGG-39 and 59-CCCTGTTTT

TTCAGGCGCGCAACGGTAACTTCGTCAT-39 (QuikChange). The mutant

was expressed in E. coli BL21(DE3)pLysS cells. Cultures were grown in Luria–

Bertani medium supplemented with ampicillin, and expression was induced by

the addition of isopropyl b-D-thiogalactoside. Harvested cells were sonicated in
the presence of lysozyme and then subjected to an ammonium sulphate preci-

pitation: after addition of solid (NH4)2SO4 to a final concentration of 0.3 g ml21,

the mixture was centrifuged for 20 min at 18,000 r.p.m. in a Sorvall SS34 rotor

(Thermo Scientific). The protein pellet was dialysed into buffer A (50 mM

sodium phosphate pH 7.0, 1 M NaCl, 5% glycerol) before being loaded on a

HisTrap HP column. After elution with a linear gradient of 0–500 mM imidazole

in buffer A, the protein was further purified by loading on a Mono S 10/100GL

column (Amersham Pharmacia) in buffer B (20 mM MES pH 5.5, 0.5 mM

EDTA, 100 mM NaCl, 5% glycerol) and eluted with a linear gradient of

0.1–1 M NaCl in buffer B. The protein was dialysed into a final buffer of

20 mM Tris-HCl pH 7.6, 0.5 mM EDTA, 10% glycerol, 0.2 M NaCl. The con-

centration was determined from its calculated absorption coefficient

(A0.1%
280 5 6,970 M21 cm21) as given in Expasy’s ProtParam Tool.

Oligonucleotides were purchased from Integrated DNA Technologies.

Crystallization and data collection. Complexes of crystal form A were set up

with a twofold molar excess of DNA in the original protein buffer. Crystals were

grown by mixing complex solution (200 mM) in a 1:1 ratio with well solution

containing 0.1 M 1,3-bis[tris(hydroxylmethyl)methylamino]propane (Bis-Tris
propane) pH 6.8, 0.05 M sodium tartrate, 10% glycerol, 15% ethylene glycol,

14% (w/v) poly(ethylene glycol) 3350, and cryoprotected with well solution

supplemented with 20% ethylene glycol. Oligonucleotide A22 contains the

self-complementary sequence 59-TATACTGTATATATATACAGTA-39.

Crystals of crystal form B22 were grown similarly except that the well solution

contained 0.1 M Bis-tris propane pH 6.8, 0.1 M sodium tartrate, 12% (w/v)

poly(ethylene glycol) 3350, and cryoprotected with well solution supplemented

with 20% ethylene glycol. Oligonucleotide B22 contains the self-complementary

sequence 59-TATACTGTATGCGCATACAGTA-39.

For crystal form C29, crystals were grown similarly but with well solution con-

taining 40 mM Tris-HCl pH 8.5, 1 mM EDTA, 10 mM MgCl2, 0.1 M NaCl, 5 mM

spermidine, 10% glycerol, 12% (w/v) poly(ethylene glycol) 5000, and cryopro-

tected with well solution supplemented with 20% glycerol. Oligonucleotides for

duplex C29 contain the complementary sequences 59-GTTGATACTGTATGA

TCATACAGTATCAA-39. These anneal to form a 29-bp duplex with a single nick

on each strand, a 6-bp overlap in the centre, and a 59 overhanging G.

All crystals were grown by the hanging-drop vapour diffusion method at

19 uC. All three crystal packing environments contain one LexA dimer bound
to one DNA molecule in the asymmetric unit. Diffraction data at about 100 K

were collected at the Advanced Photon Source, Argonne National Laboratory,

and were processed with the HKL2000 suite30.

Structure determination and refinement. An initial solution of the A22 core

C-terminal dimer was found by molecular replacement with Phaser31 (CCP4

(ref. 32)) using the core EcLexA apo form (PDB 1JHH4) as the search model.

The remaining protein domains and most of the DNA were found sequentially in

MOLREP33 with a pentameric duplex DNA and an isolated DNA-binding domain

as search models. The new solution was then validated by Br-peak locations from

anomalous difference Fourier maps, using data collected from a crystal in which

T3, T10, T12 and T21 had been replaced with 5-bromodeoxyuridine

(Supplementary Fig. 5). Experimental phases were then generated using the

MAD (multiwavelength anomalous dispersion method in Mlphare34 (CCP4

(ref. 32)). To avoid model bias from the molecular replacement solution, the

initial model was adjusted to fit the experimentally phased map, then subjected

to several cycles of rebuilding and refinement performed with the programs

Coot35, O36 and Refmac5 (ref. 32), respectively. DNA was initially restrained to

either the B-form or the A-form in CNS-SOLVE37 (v. 1.1). Separate NCS restraints
over the pseudo-twofold-symmmetrical catalytic core dimer, the DNA-binding

domains and the two DNA half-sites were used during initial refinement. Final

rounds of refinement included TLS (translation, libration, and screw-motion)

parameters for groups corresponding to the two DNA half-sites, the individual

N-terminal DNA-binding domains, and the C-terminal catalytic dimer.

Procheck38 and MolProbity39 were used to validate the quality of the model.

The final model contained 377 amino-acid residues and 44 nucleic-acid residues;

residues 1, 70–74, 89–93 and 200–202 in monomer A, and residues 1, 70–74 and

87–93 in monomer B, could not be built because of weakness of their electron

densities.

A22 was used as the search model for both B22 and C29. Model building and

refinement for B22 were performed by following the methods for A22.

Procheck38 and MolProbity39 were used to validate the quality of the model.

The final model contained 388 amino-acid residues and 44 nucleic-acid residues;

residues 1, 71–74 and 200–202 in monomer A, and residues 1, 72–74 and 83–88

in monomer B, could not be built because of weakness of their electron densities.

Because the dataset for C29 was anisotropic and resolution extended to only

4.0 Å in two directions, the structure was not refined. However, the model was

validated by Br-peak locations from anomalous difference Fourier maps, using

data collected from a crystal with the sequence 59-GTTGATACTG

TATGAT*CAT*ACAGT*AT*CAA-39, in which T* had been replaced with

5-bromodeoxyuridine. Figures depicting these structures were generated with

Pymol27.

Electrophoretic mobility-shift assays. Assays were performed at 25 uC in binding

buffer (20 mM Tris-HCl pH 7.6, 0.5 mM EDTA, 200 mM NaCl, 10 mM MgCl2,

5% glycerol, 50mg ml21 BSA (Fischer), 1mg ml21 non-specific duplex DNA

(59-GGAATCGAGTGGAAGAACTACCCTTGCACTCC-39)) by incubation of
32P-labelled DNA with various concentrations of E. coli LexA (0.1–300 nM) for

20 min. Two DNA concentrations were used in the course of the experiments:

about 100 pM DNA for experiments resulting in a dissociation constant (Kd) of

less than about 200 nM, and about 1 nM DNA for Kd greater than about 200 nM.

Protein dilutions were made in 20 mM Tris-HCl pH 7.6, 0.5 mM EDTA, 200 mM

NaCl, 10% glycerol. Binding reactions (10ml) were loaded onto 8% polyacryla-

mide (29:1 acrylamide:bisacrylamide) in 0.5 3 TBE (45 mM Tris-borate, 1 mM
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Nanoscale scanning probe ferromagnetic resonance
imaging using localized modes
Inhee Lee1, Yuri Obukhov1, Gang Xiang1, Adam Hauser1, Fengyuan Yang1, Palash Banerjee1, Denis V. Pelekhov1

& P. Chris Hammel1

The discovery of new phenomena in layered and nanostructured
magnetic devices is driving rapid growth in nanomagnetics
research. Resulting applications such as giant magnetoresistive
field sensors and spin torque devices are fuelling advances in
information and communications technology, magnetoelectronic
sensing and biomedicine1,2. There is an urgent need for high-
resolution magnetic-imaging tools capable of characterizing
these complex, often buried, nanoscale structures. Conventional
ferromagnetic resonance3,4 (FMR) provides quantitative informa-
tion about ferromagnetic materials and interacting multicompo-
nent magnetic structures with spectroscopic precision and can
distinguish components of complex bulk samples through their
distinctive spectroscopic features. However, it lacks the sensitivity
to probe nanoscale volumes and has no imaging capabilities. Here
we demonstrate FMR imaging through spin-wave localization.
Although the strong interactions in a ferromagnet favour the
excitation of extended collective modes, we show that the intense,
spatially confined magnetic field of the micromagnetic probe tip
used in FMR force microscopy can be used to localize the FMR
mode immediately beneath the probe. We demonstrate FMR
modes localized within volumes having 200 nm lateral dimen-
sions, and improvements of the approach may allow these dimen-
sions to be decreased to tens of nanometres. Our study shows
that this approach is capable of providing the microscopic detail
required for the characterization of ferromagnets used in fields
ranging from spintronics to biomagnetism. This method is
applicable to buried and surface magnets, and, being a resonance
technique, measures local internal fields and other magnetic
properties with spectroscopic precision.

Scanning probe FMR, or FMR force microscopy5–7 (FMRFM), is
based on magnetic resonance force microscopy (MRFM)8–10 in which
magnetic resonance is sensitively detected through the magnetic
dipole force exerted on a cantilever by means of a micromagnetic
tip (see Fig. 1a for a schematic diagram). MRFM has demonstrated
the sensitivity necessary to study nanoscale objects5,6,11. In a para-
magnet, the resonance frequency of a spin is a local function of the
applied field. MRFM exploits this (as does magnetic resonance
imaging) to localize the resonant excitation controllably through an
applied magnetic field gradient that establishes a correlation between
position and frequency. This approach is not applicable in a ferro-
magnet, however, because the strong interactions among spins render
the precession frequency at a particular location sensitive to the mag-
netization of the remainder of the sample. Excitations in a ferro-
magnet are thus collective modes3,4, so magnetic resonance imaging
in a ferromagnet requires the localization of these spin-wave modes.

Spin waves can be localized by the strongly inhomogeneous internal
field in patterned ferromagnetic film structures12, and standing spin
waves inside magnetic wells have been discussed theoretically13. A

spin-polarized current injected into a ferromagnetic film generates a
localized spin-wave mode14 beneath the electrode, but these cannot be
scanned for imaging. Confining the excitation of FMR modes within
boundaries defined by a scannable micromagnetic probe field has
been proposed15,16; here we report the observation of localized modes
induced by the micromagnetic probe tip and use them for scanning
probe FMR imaging in ferromagnetic films as schematically indicated
Fig. 1a.

For a sufficiently weak probe field, Hp(r, z), the magnetostatic
mode shape will be negligibly perturbed (see refs 16, 17 for a discus-
sion of the weak-probe-field limit), and the effect of this or any other
spatially varying field on the FMR will be given by the spatial average,
ÆH(r)æ, of the field weighted by the mode it is perturbing:

Hp z, rð Þ
� �

n
~

Ð
S

Hp r{r ’, zð Þm2
n r ’ð Þ dS’

Ð
S

m2
n r ’ð Þ dS’

:
Hp r, zð Þ �m2

n rð ÞÐ
S

m2
n r ’ð Þ dS’

ð1Þ

Here the asterisk indicates convolution, and mn(r) are the unper-
turbed magnetostatic modes. The dynamic magnetization for these
modes can be written mn(r) 5 m0,nJ0(anr/Rdot), where J0 is a Bessel
function, m0,n is a constant describing the amplitude of the mode, an

is the nth zero of J0 and Rdot is the dot radius18,19. The probe field
experienced by the sample becomes small and the weak-perturbation
limit is applicable when the tip–sample separation, z, significantly
exceeds the ,1-mm tip dimension (Fig. 1a, c).

However, when the probe field exceeds the transverse dipolar field
(,2pMs(t/Rdot)) for a ferromagnetic disk of thickness t and satura-
tion magnetization Ms it will localize modes. Here we consider a
negative probe field that will produce a local field ‘well’. The ana-
logy20 between the linearized Landau–Lifshitz equation for exchange
spin waves and the Schrödinger equation provides useful intuition
and guidance in understanding the mechanism by which an intense
micromagnetic probe field can localize spin waves: the non-uniform
probe magnetic field produces a region of reduced magnetic field
analogous to the potential well that confines particles. Similarly,
the Landau–Lifshitz spin-wave equation has a localized solution as
illustrated in Fig. 1b. In the case of dipole and dipole-exchange spin
waves, the situation considered here, the Landau–Lifshitz equation is
a more complex integro-differential problem requiring micro-
magnetic modelling for accurate solution in many cases. Such
modelling16 finds a localized solution as illustrated in Fig. 1b.

The FMRFM spectra obtained from extended films, shown in Fig. 1c,
demonstrate that magnetostatic modes have been confined by the
localized magnetic field of the high-coercivity (.2 T) SmCo5 probe
tip. These experiments were performed on a continuous permalloy
film of thickness t 5 40 nm in an applied field, H0, perpendicular to
the film plane, antiparallel to the tip moment, mp, and sufficient to
saturate the film. The tip creates a well of magnetic field in the saturated
film as illustrated in Fig. 1b.
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The conventional FMR spectrum of a saturated, continuous fer-
romagnetic film consists of a single resonance peak; in Fig. 1c, this
uniform FMR mode peak occurs at Hres 5 12.41 kG and is labelled
ZFR16 (zero probe field resonance). As the probe approaches the
sample, new discrete resonances appear and shift to higher field
values as the negative probe field increases in strength. These are
similar to the discrete FMR modes observed in patterned films, where
the structure’s dimensions define the wavevectors of the magneto-
static modes19,21,22. However, in an extended, saturated, thin fer-
romagnetic film, these additional discrete FMR modes can only be
due to modes with wavevectors defined by confinement within the
region of intense micromagnetic probe field.

The FMR modes are confined immediately beneath the probe,
where they benefit from the locally reduced field; however, confine-
ment is opposed by the increasing exchange and dipolar energies
associated with the increased wavevector of the confined mode. The
trade-off between these effects is optimized for a particular value of the
radius of the confined mode, Rloc,n. This radius determines the result-
ing shift of the FMR peak from the zero probe field resonance as shown
in Fig. 1c; this shift is indicated schematically in Fig. 1b by the differ-
ence in the vertical positions of the baselines of the FMR modes drawn
in the calculated field well. We calculate Rloc,n using a variational
technique in which Rloc,n is varied until the mode frequency, v, deter-
mined from the dispersion relation of ref. 23 with corrections for non-
uniform fields16,21 (equation (4)), is minimized. For a sufficiently
strong negative probe field (that is, sufficiently small tip–sample sepa-
ration, z) Rloc,n rapidly decreases (Fig. 1e) and the mode localizes.

To calculate Rloc,n, we assume the usual Bessel mode expansion18,19:
mloc,n(r) 5 m0,nJ0(anr/Rloc,n). Here an is the nth zero of the Bessel
function (J0(an) 5 0); micromagnetic simulations16 confirm that
Rloc,n is distinct for each mode. We vary the single free parameter,
Rloc,n, until v is minimized. The spatial variation in the probe field at
each probe–sample separation is taken to be that of a point dipole, the
moment of which is known from cantilever magnetometry (see equa-
tion (44) in ref. 7); a single, fixed value of the location of the point
dipole relative to the surface of the probe magnet is used for all values
of z and n. Once Rloc,n is determined (Fig. 1e), we calculate the
resonance fields for the modes (equation (4)); these are shown as
solid lines in Fig. 1d. The excellent agreement with experimental data
demonstrates the validity of our variational approach.

The demagnetizing field, Hd, of a thin-film ferromagnetic struc-
ture (in our case a disk of radius Rdot 5 2.12 mm and thickness
t 5 40 nm) decreases rapidly near its edge, and this provides a con-
venient test of the ability of the scanned local mode to resolve spatial
variations in the internal field. Figure 2 shows the spatial variation in
the shift of the resonance field for the localized modes generated at
different probe–sample separations. The rightmost four images com-
pare experimental data with theoretical predictions obtained if we
neglect the localization of the magnetostatic modes by the probe
field, calculated using equation (1) (see also equation (5)).

The dispersion relation for small in-plane wavevectors k in the
dot23 (kt= 1) gives the dependence of resonance frequency on
applied field and various parameters (see Methods, equation (4)).
The resonance field, Hres, is the applied field, H0, at which resonance
occurs for the given applied microwave frequency, v:

Hres<
v

cj j{ Hp

� �
{ Hdh i{4pMsaexk2{pMskt ð2Þ

Here c is the electronic gyromagnetic ratio, aex~A=2pM2
s and A is

the exchange constant. Hence, in the weak-probe-field limit, decreas-
ing z increases the negative probe field ÆHpæ, which increases the
resonance field as seen in Fig. 2.

As the probe–sample separation becomes small, however, Hp(r)
becomes large enough that this approach fails to describe the experi-
mental data, and it becomes necessary to take mode localization into
account. The leftmost three images in Fig. 2 compare experimental
data with predictions made taking into account the confinement of
the magnetostatic modes to within the radius Rloc,n, obtained by the
variational method described above. The mode is scanned with the
probe tip, and the variation in Hres (equation (2)) is determined by
the spatial average of Hd(r) weighted by the localized mode generated
at the particular probe height, z:

Hd z, rð Þh in~
Hd rð Þ �m2

loc,n z, rð Þ
Ð

S
m2

loc,n z, r ’ð Þ dS’
ð3Þ

We observe that the shift of the first localized mode increasingly
accurately images the non-uniform demagnetizing field, Hd(r), in
the dot as z decreases, hence reducing Rloc,n.

Our theoretical estimate for the first-order localized mode (Fig. 2,
solid red line) agrees very closely with the experimental data to the
smallest values of z. However, our simplified analytical model is
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Figure 1 | Observation and characterization of localized FMR modes.
a, FMRFM geometry: the ferromagnetic film is magnetized perpendicular to
its plane by an external magnetic field, H0. The moment, mp, of the
micromagnetic probe is antiparallel to H0 and is separated from the film by a
distance z (the distance from the surface to the centre of the probe magnet).
b, The micromagnetic probe creates a well of magnetic field, shown by the
solid light-blue line, that localizes spin-wave excitations mloc,n(r), indicated
by the solid red and blue lines for the first two modes. The probe field (Hp),

the dynamic field (Hdyn) and the modes are calculated for z 5 1,270 nm.
c, FMRFM spectra of a continuous permalloy film for the indicated values of
z. The vertical dotted line shows the resonance field for the uniform FMR
mode (ZFR). The first and second confined modes are indicated by the
arrows. d, Dependence on z of the resonance fields for the first and second
FMR modes. The solid lines are calculations obtained from the variational
method described in the text. e, Calculated local-mode radius, Rloc,n, versus z
for the first two magnetostatic modes obtained using the variational method.
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limited when FMR modes defined by the probe field reach the dot
edge, where the very rapid spatial variation in the demagnetizing field
significantly distorts the FMR modes. This limitation is visible for
second- and third-order modes. We note, however, that at close
probe approach the resonance field of the first-order localized mode
(red solid line) coincides very closely with the well-known and
straightforwardly calculable demagnetizing field of the dot, shown
by the solid black line in Fig. 2. Thus, the first-order local mode
accurately visualizes the internal fields of the thin ferromagnetic dot.

We can apply localized-mode FMR imaging as a highly sensitive
internal-field sensor that can probe not only demagnetizing fields but
also internal fields such as crystalline/surface anisotropy fields,
exchange fields in buried structures and even stray fields from external
magnetic sources. Figure 3 shows a localized-mode field-position
FMR image of the internal fields in our continuous permalloy film
for z 5 1.32mm. The lateral variation in the resonance fields of the

localized modes (n 5 1, 2), repeatable from measurement to measure-
ment, reflects variations in the saturation magnetization or crystalline
anisotropy, or the film roughness.

A two-dimensional internal-field image is obtained by setting the
external field to Hfix, where the slope, hF/hH, of the FMRFM signal as
a function of field for the first-order localized mode is maximum
(Fig. 3, inset), and then monitoring the spatial variation in the force
signal. Variations in the internal field will shift the resonance peak by
dH, thus changing the FMRFM force: dF 5 (hF/hH)dH. The field
resolution is approximately DH(Fn/F0) < 1 G, where DH is the spec-
tral linewidth (,50 G) and the signal-to-noise ratio is F0/Fn < 100 for
the line shown in the inset in Fig. 3.

Figure 4a shows internal-field images for the permalloy film for
different values of z. The variation in the internal field dH(x, y) with
lateral position is reproducible and persists for different values of z,
showing that it reflects inhomogeneity of the sputter-deposited film.
As shown in Supplementary Information, the FMRFM images have
higher lateral resolution than simultaneously acquired magnetic force
microscopy images as a consequence of the very different natures of
FMR imaging and magnetic force microscopy: the first measures the
internal fields inside a ferromagnetic material whereas the latter maps
stray field gradients outside the sample.

These data allow us to characterize our lateral resolution. We
determine the maximum resolved wavevector, km, from a Fourier
transform of the images: 75% of the signal energy in the Fourier
transform comes from wavevectors less than km. This quantifies the
real-space resolution, Rres 5 a1/km; we become increasingly unable to
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Figure 2 | Field-position FMRFM imaging of a permalloy dot using localized
modes. FMRFM images of the FMR resonance shift (such as shown in
Fig. 1c) at different lateral positions over the dot (indicated by the thick blue
bar), measured for a series of probe–sample separations. These separations
describe the distance from the centre of the probe tip to the sample surface,
so the bottom of the probe is approximately 350 nm from the surface at the
smallest separation shown. The rightmost four panels compare theoretical
expectations (dotted lines) assuming no modification of FMR modes by the
probe field (equation (1)). Although it is adequate at large separation (weak

probe field), this approach fails upon closer probe approach. The leftmost
three images show comparison with confined-mode predictions (coloured
solid lines) using variationally calculated values, Rloc,n (equation (3)), for the
probe-localized magnetostatic mode. The black solid line shows the
inhomogeneous demagnetizing field of the dot (shifted by appropriate
dynamic and probe fields) corresponding to the first local mode (equation
(5)), demonstrating that the first-order localized mode accurately images the
internal magnetic field of the dot.
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is the FMR linewidth and F0 is the FMRFM force at resonance. Images
obtained by this method are shown in Fig. 4a and in Supplementary Fig. 5a.
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discern lateral variations in sample properties occurring on length
scales below Rres. Figure 4b shows km values (indicated by the radii of
the dotted circles) determined from Fourier transforms at several
probe–sample separations, and we plot the dependence of the lateral
resolution on probe–sample separation in Fig. 4c. Spatial resolution
is further discussed in Supplementary Information.

The finest experimental resolution (obtained at z 5 1.3 mm) is
200 nm. This is consistent with the size of the mode shown in
Fig. 1b (see also the discussion in Supplementary Information); a
lateral displacement of the tip from a signal source equal to one-third
of the mode radius (,200 nm in the case shown in Fig. 1b) reduces
the signal by 36%, which is large in comparison with the ratio of noise
to signal. Spatial resolution is improved by the fact that the detected
signal is proportional to m2

n(r), which drops off more steeply with r.
The ultimate resolution will be limited by exchange interactions and
can be evaluated (equation (5)). To do so, we ignore the dynamic
dipolar field because it can be reduced by decreasing the film thick-
ness, and evaluate the limit defined by the exchange term
Rloc§a1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2A=jHp(0)jMs

p
, where jHp(0)j is the maximum probe field;

we find that Rloc . 30 nm for permalloy. A more detailed calculation
of the point response function including the dipolar dynamic field
and a complete analysis of the mode characteristics indicates that a
resolution of Rres < 90 nm is achievable in a 40-nm-thick permalloy
film.

The localized FMR mode can also be viewed as a detector of
external magnetic fields with a sensitivity of ,1 G Hz21/2 in a sensor
area of radius ,200 nm, that is, a detected volume of ,5 3 10221 m3.
This field sensitivity can be straightforwardly improved by using a
ferromagnetic film with a narrower FMR linewidth, and the effective
volume can be decreased by reducing the moment of the magnetic
probe and optimizing the ferromagnetic film parameters (Sup-
plementary Information). Our technique provides a readily applic-
able approach to the high-resolution imaging of (possibly buried)
magnetic structures, such as those used in spintronic, sensing and
biomagnetic applications, with spectroscopic precision.

METHODS SUMMARY
A high-coercivity (.2 T) SmCo5 micromagnetic probe, with volume

,1.2 3 1.2 3 1.5mm3 and moment mp 5 1.2 3 1029 e.m.u. oriented antiparallel

to the applied field, creates a well of magnetic field in the film as illustrated in

Fig. 1b. The applied field, which is sufficient to saturate the film, is applied

perpendicular to the film plane (the z direction) as shown in Fig. 1a. We attach

the probe to a silicon cantilever (spring constant, ks < 0.1 N m21), and through

the magnetic dipolar interaction it detects the FMR excitations in the sample.

Details of the FMRFM technique are available in refs 5, 7, 16, 22, 24. Our

experiments were performed on a continuous permalloy film and a permalloy

disk of radius Rdot 5 2.12mm, both t 5 40 nm thick.

The experiments were performed at 10 K, the microwave frequency was

7.475 GHz; we modulated the amplitude of the microwaves at the cantilever fre-

quency to generate a modulated force detectable by the cantilever. The magnetic

moment of the tip was determined from cantilever magnetometry; its dipolar field

can be easily calculated from this moment. The probe field at z 5 1.3mm was

,1.2 kG (Fig. 1b) and decreased monotonically as 1/z3 with increasing z.
The dispersion relation for a thin ferromagnetic film magnetized perpendicular

to the film plane is21,23

v

c

� �2

~ Hef fh iz4pMsaexk2
� �

Hef fh iz4pMsaexk2z4pMsf kð Þ
� �

ð4Þ

where Heff 5 H0 2 4pMs 1 Hp is the effective field (we consider only the z com-

ponent of the fields, because other components are small in comparison with Heff)

and f(k) 5 1 2 (1 2 e2kt)/kt. Here we have taken into account the fact that the

field is non-uniform16,21:

Hef fh i~
Ð

S
Heff rð Þm2 rð Þ dS
Ð

S
m2 rð Þ dS

where m(r) is an eigenmode solution for the non-uniform field Heff(r).

For small wavevectors (kt= 1), equation (4) can be written

v

cj j< Hef fh iz4pMsaexk2zpMskt ð5Þ

where, for the continuous film, ÆHeffæ 5 H0 2 4pMs 1 ÆHpæ and, for the dot,

ÆHeffæ 5 H0 1 ÆHdæ 1ÆHpæ, where Hd(r) is the non-uniform demagnetizing field

of the dot.
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LETTERS

Dynamics and mechanism of repair of ultraviolet-
induced (6–4) photoproduct by photolyase
Jiang Li1, Zheyun Liu1, Chuang Tan1, Xunmin Guo1, Lijuan Wang1, Aziz Sancar2 & Dongping Zhong1

One of the detrimental effects of ultraviolet radiation on DNA is
the formation of the (6–4) photoproduct, 6–4PP, between two
adjacent pyrimidine rings1. This lesion interferes with replication
and transcription, and may result in mutation and cell death2. In
many organisms, a flavoenzyme called photolyase uses blue light
energy to repair the 6–4PP (ref. 3). The molecular mechanism of
the repair reaction is poorly understood. Here, we use ultrafast
spectroscopy to show that the key step in the repair photocycle is a
cyclic proton transfer between the enzyme and the substrate. By
femtosecond synchronization of the enzymatic dynamics with the
repair function, we followed the function evolution and observed
direct electron transfer from the excited flavin cofactor to the
6–4PP in 225 picoseconds, but surprisingly fast back electron
transfer in 50 picoseconds without repair. We found that the cata-
lytic proton transfer between a histidine residue in the active site
and the 6–4PP, induced by the initial photoinduced electron trans-
fer from the excited flavin cofactor to 6–4PP, occurs in 425 pico-
seconds and leads to 6–4PP repair in tens of nanoseconds. These
key dynamics define the repair photocycle and explain the under-
lying molecular mechanism of the enzyme’s modest efficiency.

The (6–4) photolyase contains a fully reduced flavin adenine dinu-
cleotide (FADH2) as the catalytic cofactor (Figs 1 and 2a)4–6. On
excitation, the flavin cofactor donates an electron to the 6–4PP to
generate a charge-separated radical pair (FADH

N
1 6–4PP

N2)6–8.
However, if the C6–C4 bond in 6–4PP

N2 were split directly it would
produce two damaged bases, because the hydroxyl group at the C5 of
the 5’ pyrimidine cannot be transferred back to the 3’ pyrimidine
(Fig. 1). In fact, (6–4) photolyase catalyses this complex chemical
reaction with no measurable error. Various hypothetical repair mod-
els6,9–15, including formation of an oxetane intermediate before the
photochemical reaction9,10 and, more recently, a model that includes
formation of a water molecule following the primary photochemical
reaction6,11, have been proposed to rationalize the bond breakages
and group arrangements necessary for repair. Most models invoke
proton transfer5,9,16 from a neighbouring histidine residue, leading to
a plausible scheme (Fig. 1).

To identify the reaction intermediates and test the proposed repair
models, we performed ultrafast spectroscopy. We first characterized the
initial electron transfer by analyses of the excited FADH2 dynamics,
using femtosecond fluorescence spectroscopy7. Monitoring the weak
emission from excited FADH2 (FADH2*) at 550 nm (Fig. 2a), we
found that the fluorescence lifetime of FADH2* in the absence of
substrate is 3 ns but becomes drastically shorter in the enzyme–substrate
complex (Fig. 2b). The femtosecond-resolved transient in the complex
can be best represented by a stretched-single-exponential decay,
Ae{(t=t)b

(where A, signal amplitude; t, time constant; b, stretching
parameter), with t 5 225 ps and b 5 0.8, reflecting heterogeneous elec-
tron-transfer dynamics7,17 that are continuously modulated by the

active-site solvation, as has been reported for (6–4) photolyase18, and
as is also observed in photosynthesis19. These results were confirmed by
transient absorption spectroscopy of the excited-state flavin dynamics
(probing wavelength, lpr 5 800 nm) (Fig. 2b). When the potential
active-site proton donor10, His 364, was replaced by charged (Lys and
Asp), polar (Asn and Tyr) and hydrophobic (Ala and Met) residues, we
observed similar electron-transfer dynamics, following a stretched-
single-exponential decay with t 5 147–281 ps and b 5 0.8–0.9
(Supplementary Fig. 1 and Supplementary Table 1). This finding, along
with the observation that the 6–4PP seems to be in its standard form in
the enzyme-complexed X-ray structure6, excludes the early-repair
model9,10 that requires an oxetane precursor before the photochemical
excitation. We conclude that after one electron injection 6–4PP repair
takes place completely in the anionic ground state of 6–4PP

N2.
After the photoinduced charge separation (FADH

N
1 6–4PP

N2),
the reaction can evolve along two pathways: back electron transfer
(reaction rate constant k2) or 6–4PP repair (k3) (Fig. 1). Knowing the
forward electron transfer dynamics of FADH2*, we can map out the
temporal evolution of FADH

N
by probing at wavelengths from 500 to

700 nm (Fig. 2a) to follow 6–4PP repair. The transient probed at

1Departments of Physics, Chemistry and Biochemistry, Programs of Biophysics, Chemical Physics and Biochemistry, 191 West Woodruff Avenue, The Ohio State University, Columbus,
Ohio 43210, USA. 2Department of Biochemistry and Biophysics, University of North Carolina School of Medicine, Chapel Hill, North Carolina 27599, USA.
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Figure 1 | Enzyme–substrate complex structure and a possible repair
scheme. X-ray structure of Drosophila melanogaster (6–4) photolyase6

(blue) bound to DNA (yellow) containing a (6–4) photoproduct.
Arabidopsis thaliana photolyase has a similar structure11 and conserved
histidine residue in the active site (His 364 in A. thaliana and His 365 in D.
melanogaster). The 6–4PP is flipped out of DNA and inserted into the active
site. The close-up view shows the relative positions of the catalytic cofactor
FADH2, the conserved His 364 (His 365) residue and the 6–4PP substrate
with a proposed scheme for electron and proton transfers in the repair
reaction. Shown in the repair scheme (inset) are forward electron transfer
(FET, reaction rate k1) after light excitation, back electron transfer (BET,
reaction rate k2) without repair, and the repair channel, including initial
proton transfer (PT, reaction rate k3) and late proton and electron return
(PR and ER, reaction rate k4) after repair.
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640 nm (Fig. 2c, red curve) shows drastically different behaviour
from that probed at 800 nm (Fig. 2c, blue curve), owing to the cap-
ture of the radical FADH

N
(Fig. 2c, green curve). We observed an

apparent rise signal of FADH
N
in 45 ps (initial flat part of Fig. 2c inset)

and a long plateau, indicating that complete 6–4PP repair takes
longer than several nanoseconds. Because forward electron transfer
takes about 225 ps, the 45 ps is the overall decay time of the initially
formed FADH

N
((k21k3)21 in Fig. 1 and dashed purple curve in

Fig. 2c) but appears as an apparent rise. Slower formation and faster
decay result in apparent reverse kinetics and less FADH

N
accumula-

tion. The dynamics of the branched FADH
N

in the repair channel
(Fig. 1 and dashed light-blue curve in Fig. 2c) exhibit a complex
formation (largely determined by the k1 process) and a slow decay
(k4), but amplitude is mainly determined by the k3 (proton transfer)
rate. By deconvolution (Supplementary Information), we measured
back electron transfer in 50 ps (k2

21) and repair in 425 ps (k3
21), to

form a 6–4PP
N2 anionic intermediate. From these rate constants we

obtained a repair branching constant of 0.097, a value which is in
excellent agreement with the reported steady-state-repair quantum
yield of ,0.1 (ref. 20), suggesting that after the k3 step, all subsequent
reaction steps proceed to the final 6–4PP repair without any back
electron transfer that would lead to a futile cycle. When the probe is
tuned to wavelengths in the range of 640–500 nm, all resulting tran-
sients gave the same dynamics as FADH

N
. These findings reveal that

the underlying reason for the low repair quantum yield of (6–4)
photolyase (,0.1), compared to cyclobutane pyrimidine dimer
photolyase (,0.9; refs 4,7), is the fast rate of back electron transfer
(k2

21 5 50 ps) from 6–4PP
N2 to FADH

N
, relative to the rate of proton

transfer to 6–4PP
N2 (k3

21 5 425 ps). This proton transfer is an essen-
tial step in catalysis.

For the series of mutants (His 364 Asn/Met/Tyr/Ala/Asp/Lys) used
to test the proposed reaction mechanism, we observed that all tran-
sients probed in the 500–700 nm region show similar back-electron-
transfer dynamics in the range of 70–260 ps (Supplementary Table 1
and Fig. 2), but decay to zero without any long plateaus (shown in
Fig. 2d for the His 364 Asn mutant). This observation is critical to the
proposed reaction scheme, as it indicates that in the mutants, even
though electron transfer from FADH2* to 6–4PP is essentially nor-
mal, the repair channel is completely shut off, and all FADH

N
formed

by initial charge separation follows a futile cycle back to FADH2 by
charge recombination (Fig. 1). These results are also consistent with
our steady-state quantum yield measurements, which revealed a total
lack of repair in any of the mutants (inset in Fig. 2d). Collectively, our
data, in agreement with an earlier report10, indicate that His 364 in
the active site is a functional residue that is irreplaceable in the repair
channel, and proton transfer from His 364 to 6–4PP

N2 is conceivably
the rate-limiting step (k3) in our reaction scheme (Fig. 1).

To test for proton transfer from His 364 during the repair reaction,
the reaction was carried out in D2O. As shown in Fig. 2d for wild-type
photolyase, we observed a different transient with an obviously lower
plateau, reflecting a slower repair process (1,100 ps), which neverthe-
less had similar forward (212 ps) and back (60 ps) electron transfer
dynamics to those seen in H2O (Supplementary Table 1 and
Supplementary Information). Thus, with the deuterated His 364,
the repair through D1 transfer slows down by a factor of more than
2. Such a ratio of the rates (kH/kD < 2.6) indicates that there is no
significant quantum tunnelling effect21 for proton transfer in photo-
lyase. The X-ray structure shows a hydrogen-bond distance of 2.7 Å
between the amine group of His 364 and the hydroxyl group at the C5
position of the 59 base (Fig. 1); hence, proton transfer from His 364 to
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Figure 2 | Femtosecond-resolved dynamics of flavin species involved in the
repair of damaged DNA by (6–4) photolyase enzyme (E6–4PL).
a, Absorption spectra and coefficients of purified protein with FADHN (red),
converted active form FADH2 (blue), damaged 6–4PP (yellow) and
FADH2* (green) determined by this study. Also determined is a 6–4PP-
related reaction intermediate (Inter., purple) around 325 nm in Fig. 3. Inset,
fluorescence emission of FADH2* , with an arrow indicating the gated
wavelength. b, Normalized signals detected by both fluorescence (gated
around the emission peak of 550 nm) and absorption (probed at 800 nm)
methods without (red) and with (blue) the substrate in the active site show
the same lifetime and forward electron transfer decays. The electron transfer
dynamics are best represented by a stretched-single-exponential decay. lfl,

wavelength of fluorescence; lpr, probing wavelength; a.u., arbitary units.
c, Transient absorption signal probed at 640 nm with both FADH2* (blue)
and FADHN detection (green). The total FADHN signal is from the two
contributions of the initially formed FADHN signal (dashed purple; k1

formation and k2 1 k3 decay in Fig. 1) and the branched FADHN signal in the
repair channel (dashed light-blue line; k3 formation and k4 decay). Inset, flat
signal in tens of picoseconds, reflecting an apparent fast signal rise. DA,
absorption change. d, Transient absorption signals probed at 640 nm of the
His 364 Asn mutant (green line) and wild-type (WT) enzymes in D2O (dark-
red line) compared with the wild-type in H2O (light-red line). The
corresponding relative steady-state quantum yield measurements are shown
in inset.
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the hydroxyl group is quite feasible. The lower plateau in the transient
in D2O is about half of that in H2O (Fig. 2d), and thus corresponds to
a halving in the repair branching, in good agreement with the steady-
state measured quantum yield ratio of 1:2 for D2O:H2O (Fig. 2d
inset). We also studied the repair dynamics and the steady-state
enzyme activity over a pH range of 7 to 9 and did not note any
changes, consistent with the observation that His 364 remains pro-
tonated over even a wide basic pH range16. All these results are con-
sistent with proton transfer from His 364 to 6–4PP

N2, to generate a
protonated neutral radical 6–4PPH

N
, as a key step in the repair path-

way (Fig. 1). This critical proton transfer, facilitated by the initial
photoinduced electron transfer, completely blocks the futile back
electron transfer from 6–4PP

N2 and allows the reaction to proceed
to repair with 100% efficiency after this step.

To further confirm the proposed model, we examined the repair
processes by detection of the 6–4PP-related species and recovery of
FADH2 in the ultraviolet region. Typical transients are shown in
Fig. 3; they represent superposition of all the species absorbing in
the ultraviolet region. Because the His 364 Asn mutant exhibits no
repair and follows only a futile forward and back electron transfer
cycle, we were able to determine the absorption spectrum of
FADH2* over the near-ultraviolet–visible range by comparing the
transients of the wild-type enzyme with those of the His 364 Asn
mutant (Fig. 2a). Knowing the absorption spectra of 6–4PP and of
flavins in various forms (FADH2, FADH2* and FADH

N
) and their

related dynamics, obtained by visible-light probing as presented
above, we measured the transient dynamics of the 6–4PP intermedi-
ate (Fig. 3a and b), formed in about 425 ps with protonated, and in
about 1,100 ps with deuterated, His 364. We determined its absorp-
tion coefficient with a peak around 325 nm (Fig. 2a) (Supplementary
Information). Thus, in this system, we are able to detect the repair
reaction intermediates of both the cofactor (FADH

N
) and the sub-

strate (6–4PPH
N
). After protonation, the substrate–intermediate rad-

ical decays in nanoseconds, corresponding to a series of atom
rearrangements with bond breaking and bond formation, to com-
plete the 6–4PP repair on a timescale of at least tens of nanoseconds.

On the basis of these findings and previous data, including the
crystal structure of the enzyme–substrate complex6, we propose a
catalytic photocycle for the repair of thymine (6–4) photoproduct
(Fig. 4). In this scheme, the primary reactions are the initial electron
transfer (I to II in Fig. 4) and the subsequent proton transfers (II to III
in Fig. 4). The electron-transfer-induced transfer of a proton from a
His residue in photolyase to the 6–4PP is a key step in the repair
photocycle, like the ‘dividing line’ in the transition state, and makes
the subsequent reactions ‘downhill’ without the possibility of back
reaction. This critical step competes with the back electron transfer
resulting in an overall repair quantum yield of about 0.1, which is
probably the maximum value that could be achieved for such a struc-
turally and chemically challenging reaction. The successive element-
ary steps naturally proceed to an intramolecular proton transfer from
the hydroxyl group on the C5 of the 59 base to the N3 at the 39 base6,22

to form a transient zwitterion, and then an oxygen-atom attack of the
C4 position at the 39 base to form a transient oxetane-type structure
(III in Fig. 4). The transient-water-molecule-formation model6,11,
which proposes direct breakage of the C–O bond at the 59 base after
the initial proton transfer, seems unlikely because it necessitates a
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series of proton transfer reactions, including the protonation of the
carbonyl group at the 39 base, and there are no potential proton
donors in proximity to this carbonyl group. In addition, any inter-
ruption in such a complicated scheme proposed by this water model
would be expected to give rise to damaged DNA at a significant rate;
this is not observed in the repair reaction by (6–4) photolyase9,10. In
contrast, our scheme, in which a simple transient-oxetane formation
facilitates the oxygen-atom transfer from the 59 to 39 base followed by
C6–C4 bond split (IV in Fig. 4), would be less prone to mutagenic
side reactions. This is because, after oxygen-atom transfer and C–C-
bond cleavage, the proton returns to the essential His 364 residue,
and the electron returns to FADH

N
, restoring the enzyme to its active

form and the 6–4PP to two thymine bases (V in Fig. 4).

METHODS SUMMARY
Wild-type and mutant (6–4) photolyases were prepared as described23. The

thymine–thymine 6–4PP substrate was prepared photochemically by ultraviolet

(wavelength 254 nm) irradiation of oligonucleotide d(GTATTATG), and purified

by high-performance liquid chromatography24. We used a 1-kHz femtosecond laser

system to generate the 100-fs, 140-nJ pump pulse at a wavelength of 400 nm. The

fluorescence transients were obtained by gating the emission with another 800-nm

pulse. The transient absorptions were probed with the desired wavelengths generated

from two optical parametric amplifiers25,26. The instrument response times of the

fluorescence and absorption detections are about 500 and 250 fs, respectively.

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
(6–4) photolyase and 6–4PP substrate. The purification of Arabidopsis thaliana

(6–4) photolyase with an amino-terminal His tag has been described23. We

mutated His 364, a key amino acid for repair function, to polar Asn and Tyr,

non-polar Met and Ala, acidic Asp and basic Lys for mutation studies. Mutant

plasmids were constructed using QuikChange (Stratagene) based on the plasmid

of wild-type enzyme. We sequenced the mutated DNA to ensure that no addi-

tional mutation was introduced. In femtosecond-resolved studies, the protein

concentrations were 300mM for fluorescence up-conversion, 200mM for tran-

sient absorption in the visible region and 50mM in the ultraviolet region. The
reaction buffer at pH 7.5 contains 50 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA,

5 mM dithiothreitol and 50% (v/v) glycerol. The D2O reaction buffer was pre-

pared with 3 cycles of evaporating 1 ml reaction buffer to 0.5 ml and diluting it

back to 1 ml using D2O. Overall, more than 80% H2O in the reaction buffer was

exchanged to D2O. We prepared the 6–4PP substrate as reported24 with some

modifications. Briefly, we dissolved 5 mg d(GTATTATG) (synthesized by

Integrated DNA Technologies) in 10 ml water, put it in a Petri dish at 4 uC under

argon in a sealed polyethylene pouch and irradiated it using two 254-nm

germicidal lamps (General Electric, 15T8) at a 2-cm distance for 90 min. We

purified the 624PP by high-performance liquid chromatography (HPLC), using

a C18 reversed-phase column (Grace, 250 mm 3 10 mm) and a linear gradient of

8–9% (v/v) acetonitrile in 0.1 M triethylammonium acetate (pH 7.0) for 20 min

at a flow rate of 4.5 ml min21. We selectively collected the 6–4PP by monitoring

the absorbance at 260 nm and 325 nm. The final yield of 6–4PP is 0.5 mg, 10% of

the starting material. The ratio of substrate to enzyme is 5:1 in all femtosecond-

resolved studies.

Enzyme activity. We measured enzyme activity as follows. We prepared a mixture

of 1mM enzyme with 50mM 6–4PP in 200ml reaction buffer at pH 7.5 (50 mM
Tris-HCl, 100 mM NaCl, 10 mM dithiothreitol, 10% (v/v) glycerol) in a cuvette

and then illuminated it at room temperature (22 uC) using two white-light lamps

(General Electric, F15T8) with a distance of 6 cm. We removed a 20-ml reaction

sample every 30 min and heated it at 100 uC in darkness for 10 min. We removed

the denatured protein by centrifuge at 14,000g for 10 min. We loaded the super-

natant to an HPLC column and separated the repaired DNA using a C18 reversed-

phase column (Alltech, 250 mm 3 4.6 mm) with the same solvent as in the

purification of 6–4PP, except with an 8–12% (v/v) gradient. We integrated the

curve of absorption at 260 nm against the HPLC retention time to determine the

amount of 6–4PP that had been repaired. Plotted against the illumination time,

the amount repaired increases linearly, and the slope is proportional to the repair

quantum yield of the enzyme activity. We detected no repaired DNA in the

substrate alone after white-light illumination. We measured the enzyme activity

by monitoring the change in the absorption spectra (Supplementary Fig. 3),

following a reported method23.

Femtosecond spectroscopy. We carried out all femtosecond-resolved measure-

ments using the fluorescence up-conversion and transient absorption methods.

The experimental layout has been reported25. Briefly, for femtosecond-resolved

fluorescence detection, we generated the pump wavelength at 400 nm by doub-

ling 800 nm in a 0.2-mm-thick b-barium borate crystal (BBO, type I). We typ-

ically attenuated the pump pulse energy to 140–200 nJ before focusing it into the

sample cell. We gated the resulting fluorescence from the sample using another

800-nm beam in a 0.2 mm BBO crystal to obtain fluorescence transients at

desired wavelengths. For transient absorption measurements, we used optical

parametric amplifiers (OPA-800C and TOPAS, Spectra-Physics) to generate all

desired probe wavelengths for different detection schemes. The spectral band-

width is about 4 nm in the ultraviolet region. The instrument response time is

about 500 fs for fluorescence detection and about 250 fs for transient absorption

measurements. All experiments were done at the magic angle (54.7u). We kept

samples stirring during irradiation to avoid heating and photobleaching. We

carried out all enzyme reactions in the femtosecond-resolved measurements

under anaerobic conditions.
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Is the CDC a good place for early-career 
biomedical or public-health researchers?
There is none better. Every job there was the 
best I ever had. It is a different environment 
from a university; it offers topical challenges 
with huge practical import. Researchers deal 
with real-world problems, such as last year’s 
swine-flu pandemic. Early-career researchers 
can enhance their body of work, expand their 
technical skills and produce lots of papers. 

What are the downsides to working there?
There is no tenure track. And if someone 
wants to pursue an investigator-initiated idea, 
a university may be better. But the CDC does 
encourage scientists to ask questions and push 
boundaries. Sometimes people seek external 
funding to expand on what they’re doing.

How does the CDC fit into Georgia’s 
science enterprise?
A federal agency that does science in the 
midst of academia and business is a catalyst 
for collaborations. People come from the CDC 
to Emory to teach, and Emory scientists might 
have an office here but a lab there. Many 
former Emory postdocs work at the CDC.

Does the mission of academic public-health 
research differ from that of the CDC? 
The government’s research is field oriented 
and focuses on serving communities. At a 
university, researchers seek new knowledge 
and ways to assess chemical hazards or the 
environment. It is a whole different animal.

What are the strengths and weaknesses 
of Georgia’s university system?
The state has a critical mass of institutions that 
have partnerships and collaborations with 
each other, and the universities have a good 
start on biotechnology. We’d like to be a San 
Francisco or a Boston. But we’re not there yet.

Where are the opportunities in Georgia 
for young bioscience researchers?
Biomedical research and health-care science 
are growth areas, and that won’t stop. 
Opportunities abound in academia and the 
private sector throughout the state as well as 
at the CDC, from postdoctoral fellowships 
to staff research positions to faculty 
appointments in life and physical sciences.  ■

Interview and statistics by Karen Kaplan.

Perhaps best known to filmgoers as the setting for Gone With the Wind, 
Georgia also has a legacy of enterprise. Coca-Cola was first introduced in 
Atlanta, the state’s largest city, in 1886, and the company is still a significant 
employer. Known for its peaches, the state also has a booming tourism trade 

that capitalizes on attractions such as Civil War battlefields and the lazy Southern 
charms of the coastal city Savannah. In the past decade, Georgia has begun to forge 
a reputation as a biosciences centre, building on its science strengths as home to 
the US Centers for Disease Control and Prevention in Atlanta and several major 
universities, including Emory University and the Georgia Institute of Technology in 
Atlanta, and the University of Georgia in Athens.

GEORGIA 
by thE numbERs Q&A

Jeffrey Koplan, vice-president for 
global health at Emory University and 
former director of the Centers for 
Disease Control and Prevention (CDC), 
both in Atlanta, discusses Georgia’s 
life-sciences and public-health sectors. 

U N I T E D  S T A T E S
O F  A M E R I C A

0 2,000 4,000 6,000 8,000

Bioscience-related occupational employment in Georgia, 2008

Occupational employment

Agriculture, food and chemicals

Drugs and pharmaceuticals 

Research, testing and
medical laboratories

Medical devices
and equipment 

Savannah

Albany

Atlanta
Augusta

FLORIDA

TENNESSEE

SOUTH

CAROLINA

ALABAMA

G E O R G I A
Columbus

Macon

DRUG AND PHARMACEUTICAL SECTOR
• In 2009, Georgia companies conducted 610 clinical 
trials on drug candidates. Of the total, 116 trials were 
for cancer drugs, 124 for heart-disease medications, 
111 for treatments of neurological disorders and 70 for 
nutritional and metabolic disorders.
• The University of Georgia has a drug candidate for 
treatment of hepatitis B in mid-stage clinical trials in 
China. It is already approved in Korea and the 
Philippines.
• In 2008, some 1,199 biosciences companies were 
registered in the state, ranking it in seventh place 
nationwide. Of those, 46 were in the drug and 
pharmaceutical sector, representing 1.6% of US drug 
and pharmaceutical companies that year.

RESEARCH AND ACADEMIA
•  The University of Georgia, founded in 1785 
as the nation’s first chartered state 
university, has spun off 100 bioscience 
start-ups. In 2008, it ranked third nationwide 
for the number of rights or licences to grant 
the rights — which include patents and 
copyrights — that it signed to provide access 
to intellectual property. That year, the 
University of California system ranked first.
• In 2009, Georgia’s academic institutions 
garnered US$504 million in funding from the 
National Institutes of Health (NIH), ranking 
the state 16th nationwide. In 2004, the state 
received $372 million in NIH funding, which 
put it 24th.
• Georgia ranked 12th nationwide in 2008 for 
spending on academic bioscience research 
and development, totalling $840 million — 
55% of the state’s total academic research 
and development spending for the year.  

BUSINESS AND COMMERCE
•  Biomedical researchers in Georgia had a median 
annual salary of $130,650 in 2007. The median for 
zoologists and other wildlife biologists in the state was 
$42,060.
• The Georgia Research Alliance in Atlanta helps run a 
$19.3-million private venture-capital fund that invests 
in Georgia-based bioscience, energy and materials 
start-up companies. Since 2005, it has helped launch 
some 40 bioscience companies.
• Hartsfield–Jackson Atlanta International Airport was 
the world’s busiest airport in terms of passengers and 
flights in 2008: more than 90 million passengers 
passed through on 978,824 flights. London’s Heathrow 
Airport has more international passenger traffic.
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at a recent conference, i ran into a friend of 
mine, a talented young professor at a major 
uS research university. She had what so many 
young scientists think they want: tenure, 
a research group and all the trappings of 
academic success. But she confided to me that 
she was at the conference to network in hopes 
of leaving academia.

My friend’s yearning for a new challenge 
and her disillusionment with the professional 
environment that she inhabited are not unusual. 
Many successful professionals find themselves, 
at some point in their career, wishing for new 
challenges and opportunities. professional 
restlessness, far from being an indicator of a 
lack of dedication, is often a sign of intellectual 
curiosity and a healthy creative drive.

But for scientists and engineers, the need for 
periodic career renewal comes up against some 
significant structural and cultural barriers. the 
relentless pace of scientific research often 
convinces scientists that they cannot afford 
even a brief suspension of their research 
activities. and because concurrent research 
programmes often have overlapping deadlines, 
with several collaborators, students and peers, 
it may seem impossible to disentangle oneself 
from one’s current work. add to that the 
myriad professional responsibilities of a typical 
scientific career — committees, meetings, 
teaching, proposal writing — and any career 
diversion could seem catastrophic.

Sabbatical benefits
as a result of this intensification, many 
scientists and engineers believe that they 
have few opportunities to explore other areas 
or intellectually renew themselves. it used to 
be that scientists in academic research (and 
in some industries) would have the option 
of taking a sabbatical. it was an opportunity 
to leave one’s institution, explore different 
science and technology fields, and create 
new areas of investigation (see Nature 448, 
834–835; 2007). But today, many harried 
researchers tell me that even if they were able 
to take a sabbatical, they would use it to divest 
themselves temporarily of their teaching 
duties and get caught up on their research 
activities.

if the chance to examine other scientific 
realms is absent, scientists can go for years 
being completely locked into their careers. 
this can seem highly productive, at least for a 
while. But without the opportunity to explore, 
reflect or simply relax, anyone engaged in a 
creative endeavour such as scientific research 
runs the risk of intellectual and creative 
stagnation or worse: burn-out.

the consequences for science are serious 

and, i believe, already evident. Because many 
of the ‘metrics’ of success in science focus 
on the number of publications, scientists 
may resist exposing themselves to other 
disciplines in which they lack ‘scholarly status’ 
because of the slim chance of producing a 
high-impact publication. as a result, scientific 
fields and disciplines (and those who inhabit 
them) can become intellectually isolated and 
introspective, less likely to make important 
connections to other disciplines and 
methodologies.

ironically, as noted in the recent survey on 
scientific metrics by Nature, administrators 
and deans don’t value numerical ‘publication-
based’ metrics as highly as many scientists 
think they do (see Nature 465, 860–862; 
2010). letters of support from peers in 
the field hold significant weight in hiring 
decisions. Developing the relationships that 
lead to glowing recommendation letters 
involves more than just doing good work. 
it requires scientists to get out of their own 
labs, travel to other institutions and get to 
know their peers. Spending time in different 
establishments — including informal, 
unstructured time — is the best way to 
encounter ideas from other disciplines and to 
stimulate thinking. furthermore, where you 
do your science has a considerable effect on 
your overall scientific productivity. only by 
visiting other institutions can you experience 
different work environments, and perhaps 
locate the place that makes you the happiest 
and most productive.

there is ample evidence that periodically 
exploring new research areas can be 
intellectually invigorating and scientifically 
productive. approaching a new speciality 
with an outsider’s perspective allows you to 
apply the tools of one field to the problems 
of another. Henry Bessemer, the inventor of 
the Bessemer process for making steel, noted 
that his coming from outside the field of iron 
smelting (he was an inventor and expert in 
metal embossing) gave him an immense 
advantage over others. “i had no fixed ideas,” 

he said, “derived from long-established 
practice to control and bias my mind, and 
did not suffer from the general belief that 
whatever is, is right.”

Some other professions have recognized 
the value of moving their ‘best and brightest’ 
around to promote intellectual vitality. 
Military officers rotate through surprisingly 
diverse professional assignments throughout 
their careers. a highly trained specialist 
such as a fighter pilot may be given a year-
long assignment to work as a government-
liaison or public-affairs representative or 
attend language training between combat 
assignments. Some of the highest-performing 
companies rotate their managers through 
several assignments to prepare them for 
senior leadership. 

Pursue a broad perspective
early-career scientists should seek as broad 
a perspective as possible, because the forces 
that will push them towards more focused 
specialization will only increase with time. 
Graduate students and postdocs should find 
ways to travel to different research centres 
and collaborate with researchers outside 
their host institution (and their principal 
investigators should embrace this exploration 
instead of viewing it as a threat to their 
lab’s productivity). and more-established 
researchers should seize sabbatical openings 
as an opportunity to explore new areas 
rather than a way of escaping some of their 
departmental obligations. Departments, 
research institutes and funders should create 
more options for productive scientists in the 
form of short-term fellowships and rotations.

in his book Self-Renewal (W. W. norton & 
company, 1995), former presidential adviser 
and historian John Gardner explored the 
roots of decay in societies and individuals. He 
argued that commonly accepted standards 
can have an oppressive effect on the creative 
mind, and that new developments often 
“originate outside the area of respectable 
practice”. Specialists need not lose the 
capacity to also function as generalists. 
Whether or not they do, wrote Gardner, 
depends on how they are trained and the 
culture of their work environment. 

Scientists must force themselves off the 
research treadmill periodically if they are to 
remain creatively stimulated. the culture and 
bureaucracy of science must encourage them 
to do so.  ■

Peter Fiske is chief executive of PAX Water 
technologies in san Rafael, California, and 
author of Put Your Science to Work (American 
Geophysical union, 2001).

PROSPECTS

scientific career renewal
Finding time to explore new research areas can be beneficial for science and scientists, says Peter Fiske.
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John Gilbey

The flight surgeon hummed distractedly, 
and tunelessly, as he prodded his way 
through my scan results.

“That’s your problem — right there …” 
he said proudly, conjuring a pair of images 
into the space between us while I strug-
gled back into my coverall. “This one was 
15 years ago — at the start of your last long 
run. The other one is today. See all that 
extra red? Nerve damage: around level 6 
I’d say …”

“What the hell does that mean?” He 
watched me fumble with the fastenings 
and nodded to my hands. “It means, John, 
that you are grounded. No more Sleep for 
you, my friend. If I let you ship out again 
there is a pretty good chance 
you won’t wake up. Sorry, that’s 
just the way it is”.

“But I’m contracted for a 
dozen more flights! You can’t 
just dump me — I’m not 35 
yet!”

“I can, and I will.” He swung 
his chair closer to me. “Look, 
you’ve had a good run — but 
forget about being 35. Your 
body has put up with …” he 
checked his notes, “27 freeze–
thaw cycles. That might even be 
a record — but it is killing you: 
slowly at the moment, abruptly 
if you risk another trip.” He 
patted my knee with synthetic 
bonhomie. “Just relax for a few 
days, HR will be in touch.”

Astrogators don’t drink. I had to remind 
myself of that hourly for the next week as 
I wandered aimlessly around the unfamil-
iar city, pretending to do the tourist thing. 
Then I had a call, the Company wanted 
to see me.

The local headquarters building was 
right on the Skyport approach, close 
enough to feel the backwash from the 
orbital shuttles as I braced myself to walk 
into the foyer. The HR director was about 
my own — subjective — age, good-looking 
in a kooky way, and introduced herself as 
Lucy.

“We won’t let you starve,” was her open-
ing gambit. “But I see that you traded most 
of your pension rights for cash some years 
ago.” Flight crew don’t need pensions — or 
so I’d thought at the time. I smiled in recol-
lection, the lump sum had paid for some 
really wild rides — wrangling flaming 

dragons above frozen moons, that sort of 
thing.

“Your flight status has been permanently 
revoked — so your contract is void. Is there 
anything else you can do? I think we can 
exclude teaching — most of your qualifi-
cations are 60 years old, and the new ships 
are mostly autonomous anyway …”

I pondered this for a moment. “I write 
pretty good science fiction — that still 
ought to pay something.”

She smiled — a real, non-corporate 
one. “I thought it might be you — both 
my parents were in the Service, and I read 
your stuff in Astro when I was a kid — I’ve 
still got copies somewhere. Here, I got you 
this …” She handed me a flier: an advert for 
a writers’ conference a month hence. She 

smiled again, shook my hand and held it 
for a moment. “I’d love to see a new story 
from you, I really would.” I thanked her, 
promised to stay in touch, and left. I sud-
denly felt like her granddad.

The Company granted me a room and 
mess rights at the crew hostel — better, I 
was authorized for local travel and rode 
the rapid transit daily to the nearest beach. 
I worked on my tan and my novel simul-
taneously with my feet propped on a ‘No 
Swimming’ sign, and at the end of the 
month — after some critical input from 
Lucy — found myself striding confidently 
into the conference centre proudly clutch-
ing the requisite synopsis and first three 
chapters.

The first agent I spoke to let me down 
gently. “You have a good style — you write 
well — but …” Here it comes, I thought. 
“It’s grindingly archaic — no one publishes 

space opera like this any more, and I’d 
advise you not to try. Here, for example, 
you describe the Centaurians as ‘cruel 
and warlike’. Bad idea — they’ve chaired 
the Peace Congress for ten years straight. 
Call them ‘warlike’ in print and you’ll 
get invited to a dinner celebrating their 
Warrior Caste — with an apple in your 
mouth … And here — the rather rampant 
alien sex, it’s just … so … wrong. Sorry.”

The others were no more hopeful. 
Despairing, I was about to drag my bruised 
ego back home when I spotted the free bar. 
Astrogators don’t drink — but I’m not an 
astrogator any more. Nor a writer appar-
ently.

Much later, I stumbled out onto the 
wide, empty, moonlit terrace overlooking 

the ocean. My spacer’s mind 
tried painfully to orient itself 
as I looked up at the freakish 
dome of the sky. It was a while 
before I found Sol — tucked 
away insignificantly in an 
unfamiliar constellation. I 
gripped the cold glass railing 
while tears of delayed reaction 
and impotent fury dripped 
from my face.

There was someone behind 
me — if I was lucky, it was 
Security coming to throw 
me out. If not, it might be 
the Centaurians … I turned 
abruptly, making Lucy jump 
and spill her drink.

“Sorry, I didn’t think you’d 
come,” I blurted in apology. 

She looked at the torn paper scattered at 
my feet and probably guessed the rest — 
but I told her anyway. Taking my arm, she 
turned me back to face the rolling, phos-
phorescent sea. As we watched, a second 
moon rose slowly above the western hori-
zon, casting an orange light over the break-
ing waves. Far across the bay, improbably 
massive sauropods began to broach wildly 
then crash back into the water in some 
complicated ritual.

Closer, the musky scent of alien flowers 
mixed dangerously with Lucy’s perfume. 
Maybe — just maybe — this wasn’t such a 
bad planet after all.

As a third moon lifted into the sky, Lucy 
leaned her head against my shoulder, 
slipped her fingers between mine and mur-
mured: “Have you ever thought of writing 
a romance?” ■

John Gilbey is a gentleman and a scholar 
who lives in North Wales.

Killing time
An unexpected stay.
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The prion protein as a receptor for amyloid-b
Arising from: J. Laurén et al. Nature 457, 1128–1132 (2009)

Increased levels of brain amyloid-b, a secreted peptide cleavage
product of amyloid precursor protein (APP), is believed to be critical
in the aetiology of Alzheimer’s disease1. Increased amyloid-b can
cause synaptic depression2,3, reduce the number of spine protrusions
(that is, sites of synaptic contacts)4,5 and block long-term synaptic
potentiation (LTP)6,7, a form of synaptic plasticity; however, the
receptor through which amyloid-b produces these synaptic pertur-
bations has remained elusive. Laurén et al.8 suggested that binding
between oligomeric amyloid-b (a form of amyloid-b thought to be
most active5,6,9–11) and the cellular prion protein (PrPC)8 is necessary
for synaptic perturbations. Here we show that PrPC is not required
for amyloid-b-induced synaptic depression, reduction in spine
density, or blockade of LTP; our results indicate that amyloid-b-
mediated synaptic defects do not require PrPc.

To test whether PrPc is required for amyloid-b-induced synaptic
depression we infected organotypic hippocampal slice neurons with a
Sindbis virus driving expression of APPct100, a precursor of amyloid-b,
which leads to increased neuronal production and secretion of
amyloid-b that does not perturb the health of the neuron, as assessed
electrophysiologically3. Synaptic transmission was depressed in neurons
expressing APPct100, in both wild-type and Prnp2/2 mouse slices
(where Prnp is the gene that encodes PrPC) 24 h after infection
(Fig. 1a). As previously shown for wild-type tissue3, this depression
was blocked if Prnp2/2 slices were maintained during the APPct100
expression period with an inhibitor of NMDA (N-methyl-D-aspartate)
receptors (Fig. 1a). Thus, synaptic depression after expression of

APPct100, an effect of elevated amyloid-b3, is intact in animals lacking
PrPC.

We next examined the effects of amyloid-bon dendritic spines, sites
of excitatory synapses. Overexpression of APP4 (or exposure to oligo-
meric amyloid-b5) leads to loss of dendritic spines in organotypic
slices prepared from wild-type animals, which can be visualized by
co-expression of a cytoplasmic marker. The same APP-induced
decrease of spines was seen in slices made from mice lacking PrPC

(Fig. 1b). We next determined which species of amyloid-b is res-
ponsible for the observed effects. Synthetic amyloid-b(1240)
(Ab40) peptides remain predominantly in monomeric form, and
did not affect spine density (Fig. 1c). Amyloid-b(1242) peptides
(Ab42) form oligomers, and when exogenously applied they produced
a similar loss of dendritic spines in slices prepared from either wild-
type or PrPC-lacking mice (Fig. 1c). Thus, the loss of dendritic spines
produced by oligomeric Ab42 exposure does not depend on PrPC.

We repeated the experiments as described in Laurén et al.8 that
studied PrPC’s role in the Ab-mediated blockade of LTP. Acutely
prepared hippocampal slices from mature wild-type and Prnp2/2

mice were exposed to either species of amyloid-b and LTP was
induced by theta burst stimulation. We found that Ab42 (but not
Ab40) blocked LTP irrespective of whether PrPC is present or absent
(Fig. 1d).

We show that amyloid-b-induced synaptic depression, loss of
dendritic spines and blockade of LTP are present in hippocampal
slices prepared from PrPC-deficient animals. In line with our results,
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Figure 1 | PrPC is not required for amyloid-b-induced synaptic deficits.
a, Depression of whole-cell recorded synaptic AMPA receptor currents in a
CA1 hippocampal neuron infected with Sindbis virus expressing APPct100
(grey bars) compared to a simultaneously recorded non-infected neuron
(white bars) in wild-type (WT; 73 6 8%, n 5 18, P 5 0.02) and Prnp2/2

slices (59 6 9%, n 5 25, P 5 0.002). Incubation of slices with 100mM
D-amino-phosphono-valeric acid (D-APV) during APPct100 expression
abolished synaptic depression in WT (98 6 11%, n 5 12, P 5 0.6) and
Prnp2/2 slices (105 6 13%, n 5 13, P 5 0.6). EPSC, excitatory postsynaptic
current. b, Decreased spine density by APP expression in WT (n 5 14 APP
expressing, n 5 9 control dendrites, P 5 0.03) and Prnp2/2 slices (n 5 13
APP expressing, n 5 9 control dendrites, P 5 0.01). Representative images of
a dendrite in conditions as indicated. c, Spine loss in PrPC-deficient
hippocampal slices is specific to incubation with oligomeric amyloid-b.
Ab42, but not Ab40, preparation produced high molecular mass oligomers,
as indicated by western blot analysis. WT and Prnp2/2 slices were incubated
with no peptide (ctrl: WT, n 5 22; Prnp2/2, n 5 22), with Ab40 (WT, n 5 22;
Prnp2/2, n 5 20), or with Ab42 (WT, n 5 22; Prnp2/2, n 5 22) at 1 mM
peptide concentration for 24 h, and spine densities were analysed blind to
the experimenter. Spine densities were unaffected by monomeric amyloid-b

incubation (WT, P 5 0.4; Prnp2/2, P 5 0.9), but significantly reduced by
incubation with oligomeric amyloid-b (WT, P 5 0.02; Prnp2/2, P 5 0.03).
Representative images of a dendrite in conditions as indicated. d, Oligomeric
Ab42 blocks LTP independent of the PrPC. Hippocampal slices were isolated
from 2–3-month-old WT or Prnp2/2 mice. Field excitatory postsynaptic
potentials (fEPSPs) were measured on two independent pathways in the
presence of either 500 nM Ab40 or 500 nM Ab42. A control pathway (open
circles) was recorded while theta burst stimulation (ten 100-Hz four shock
bursts with 200-ms interburst intervals, arrow) was delivered to the second
pathway (filled circles) after recording a 15 min baseline. LTP was
significantly depressed by Ab42 compared with Ab40 in both WT
(P , 0.001) and Prnp2/2 slices (P , 0.001). When compared to their
corresponding control pathway, LTP was successfully induced in WT
(P , 0.05) and Prnp2/2 slices (P , 0.05) treated with monomers. Block of
LTP was found in both WT (P . 0.05) and Prnp2/2 (P . 0.05) oligomer-
treated slices when compared to their corresponding control pathway.
Statistical comparisons (P) were performed using paired (a) or non-paired
(b–d) two-tailed Student’s t-test of log-transformed data. All error bars,
s.e.m.; asterisk indicates P , 0.05.
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amyloid-b oligomers were shown to impair long-term memory
equally in PrPC-lacking and PrPC-expressing mice12. Thus, although
oligomeric amyloid-b can bind PrPC, it does not seem to be the
receptor responsible for synaptic perturbations caused by oligomeric
amyloid-b. Elucidation of the molecular mechanisms by which
amyloid-b produces synaptic perturbations remains as a major goal
in finding therapeutic treatments of Alzheimer’s disease.

METHODS
C57/BL10 and C57/BL10 Prnp2/2 mice were provided by M. Oldstone (Scripps

Research Institute, grant AG04342). Organotypic slice cultures were infected at

7–12 days in vitro with Sindbis virus expressing APPct1003. After 24 h simultaneous

whole-cell paired recordings were obtained as described previously13. At 12–17 days

in vitro slices were infected with Sindbis virus expressing tdTomato or APP plus

tdTomato for 48 h, or infected with eGFP and incubated with 1mM monomeric

Ab40 or oligomerized Ab4214 for 24 h. Two-photon laser scanning images were

taken of dendrites at the site of primary apical dendrite bifurcation. Spine densities

were counted as described previously4. The protocol for the LTP experiments was as
described in Laurén et al.8. This work was supported by NIH grant AG032132 and

the Shiley-Marcos Endowment for Alzheimer’s Disease Research to R.M.
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Laurén et al. reply
Replying to: H. W. Kessels, L. N. Nguyen, S. Nabavi & R. Malinow Nature 466, doi:10.1038/nature09217 (2010)

Amyloid-b oligomers are correlated with Alzheimer’s disease pro-
gression and suppress synaptic plasticity1–3. Through unbiased
expression cloning, we identified cellular prion protein (PrPC) as
an amyloid-b oligomer binding protein4. PrPC was necessary for
acute amyloid-b(1242) (Ab42) oligomer suppression of synaptic
plasticity4; thus, it becomes critical to explore the importance of
PrPC in a range of Alzheimer’s-disease-related deficits. Transgenic
Alzheimer’s disease model mice show deficits of spatial learning
and memory5, so the most direct assessment of PrPC will monitor
memory in transgenic Alzheimer’s disease model mice deficient for
PrPC. In this paradigm, amyloid-b species are produced endogen-
ously and the brain is exposed chronically over months. Recently,
we have found that deletion of PrPC from APPswe/PSen1DE9 trans-
genic mice restores spatial learning and memory without altering
amyloid-b6. Furthermore, the early death, synapse loss and sero-
tonin axonal degeneration of transgenic Alzheimer’s disease mice
require PrPC (ref. 6). Kessels et al.7 examine PrPC in alternative
paradigms.

First, Kessels et al.7 overexpressed carboxy-terminal amyloid pre-
cursor protein (APP) in cultured neurons. Consistent with their
previous findings, expression of this APP fragment led to a-amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid receptor (AMPAR)
internalization and reduced dendritic spine density8,9. Viral expres-
sion is likely to involve monomeric amyloid-b and physiological
APP. To our knowledge, there is no evidence that local viral expres-
sion produces pathological amyloid-b oligomers. Because PrPC

shows little affinity for amyloid-b monomer4, it follows that the
effects of viral APP will be unaltered in Prnp2/2 neurons. Indeed,

decreases in AMPAR and dendritic spines were unchanged by the
absence of PrPC.

Next, Kessels et al.7 exposed neurons to synthetic amyloid-
b(1240) (Ab40) or Ab42 (monomeric or oligomeric in SDS, respec-
tively). PrPC was not required for Ab42-induced dendritic spine loss
over 24 h. As we4 and others10 have observed that the PrPC accounts
for approximately half of neuronal Ab42 oligomer binding, other
sites may replace PrPC function in spine morphology. Of note,
Kessels et al.7 used oligomer concentrations more than an order of
magnitude greater than those reported for amyloid-b–PrPC inter-
action4,11, which might engage additional PrPC-independent
mechanisms.

A third experiment by Kessels et al.7 was similar to that described in
our own Fig. 44. In distinction to our own findings and those of others
(see http://www.alzforum.org/pap/annotation.asp?powID598973 for
comment on ref. 11), Kessels et al.7 observed Ab42 suppression of CA1
plasticity in Prnp2/2 slices. A possible explanation for this outcome
of Kessels et al.7 is provided by the fact that plasticity suppression
by amyloid-b oligomer was total (100%) at the earliest time points.
In contrast, previous studies demonstrated limited decrement of
short-term potentiation by amyloid-b oligomer1,3,4,12–14. Rather, the
maintenance/consolidation of potentiation is impaired by amyloid-
b1,3,4,12–17. The Ab42 preparation of Kessels et al.7 has distinct effects
on plasticity, and these are PrPC-independent. This Ab42 sample also
suppresses baseline transmission by ,25%, which is indicative of more
general or non-specific toxicity. Native Ab42 biochemical analysis of
this preparation without SDS would be helpful. Potentially, amyloid-b
suppression of baseline transmission and immediate plasticity by this
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particular preparation are PrPC-independent, whereas LTP mainten-
ance/consolidation is PrPC-dependent.

PrPC dependency may also vary with dosing. PrPC is not a trans-
membrane protein, so its primary function may be in binding and
concentrating amyloid-b oligomers at the neuronal surface. Local
accumulation may then permit action at a transmembrane co-receptor
when amyloid-b oligomer is dose-limited, rather than saturated. Thus,
PrPC may be essential for amyloid-b oligomer action at low concen-
trations but dispensable at higher concentrations. For oligomers, effec-
tive concentrations are difficult to standardize. It will be valuable to
examine various amyloid-b species in multiple assays and doses to
confirm the full extent of PrPC participation.
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The prion protein as a receptor for amyloid-b
Arising from: J. Laurén et al. Nature 457, 1128–1132 (2009)

Increased levels of brain amyloid-b, a secreted peptide cleavage
product of amyloid precursor protein (APP), is believed to be critical
in the aetiology of Alzheimer’s disease1. Increased amyloid-b can
cause synaptic depression2,3, reduce the number of spine protrusions
(that is, sites of synaptic contacts)4,5 and block long-term synaptic
potentiation (LTP)6,7, a form of synaptic plasticity; however, the
receptor through which amyloid-b produces these synaptic pertur-
bations has remained elusive. Laurén et al.8 suggested that binding
between oligomeric amyloid-b (a form of amyloid-b thought to be
most active5,6,9–11) and the cellular prion protein (PrPC)8 is necessary
for synaptic perturbations. Here we show that PrPC is not required
for amyloid-b-induced synaptic depression, reduction in spine
density, or blockade of LTP; our results indicate that amyloid-b-
mediated synaptic defects do not require PrPc.

To test whether PrPc is required for amyloid-b-induced synaptic
depression we infected organotypic hippocampal slice neurons with a
Sindbis virus driving expression of APPct100, a precursor of amyloid-b,
which leads to increased neuronal production and secretion of
amyloid-b that does not perturb the health of the neuron, as assessed
electrophysiologically3. Synaptic transmission was depressed in neurons
expressing APPct100, in both wild-type and Prnp2/2 mouse slices
(where Prnp is the gene that encodes PrPC) 24 h after infection
(Fig. 1a). As previously shown for wild-type tissue3, this depression
was blocked if Prnp2/2 slices were maintained during the APPct100
expression period with an inhibitor of NMDA (N-methyl-D-aspartate)
receptors (Fig. 1a). Thus, synaptic depression after expression of

APPct100, an effect of elevated amyloid-b3, is intact in animals lacking
PrPC.

We next examined the effects of amyloid-bon dendritic spines, sites
of excitatory synapses. Overexpression of APP4 (or exposure to oligo-
meric amyloid-b5) leads to loss of dendritic spines in organotypic
slices prepared from wild-type animals, which can be visualized by
co-expression of a cytoplasmic marker. The same APP-induced
decrease of spines was seen in slices made from mice lacking PrPC

(Fig. 1b). We next determined which species of amyloid-b is res-
ponsible for the observed effects. Synthetic amyloid-b(1240)
(Ab40) peptides remain predominantly in monomeric form, and
did not affect spine density (Fig. 1c). Amyloid-b(1242) peptides
(Ab42) form oligomers, and when exogenously applied they produced
a similar loss of dendritic spines in slices prepared from either wild-
type or PrPC-lacking mice (Fig. 1c). Thus, the loss of dendritic spines
produced by oligomeric Ab42 exposure does not depend on PrPC.

We repeated the experiments as described in Laurén et al.8 that
studied PrPC’s role in the Ab-mediated blockade of LTP. Acutely
prepared hippocampal slices from mature wild-type and Prnp2/2

mice were exposed to either species of amyloid-b and LTP was
induced by theta burst stimulation. We found that Ab42 (but not
Ab40) blocked LTP irrespective of whether PrPC is present or absent
(Fig. 1d).

We show that amyloid-b-induced synaptic depression, loss of
dendritic spines and blockade of LTP are present in hippocampal
slices prepared from PrPC-deficient animals. In line with our results,

0 

0.5 

1 

1.5 

2 

LTP (n = 11) 
Ctrl (n = 8) 

LTP (n = 9) 
Ctrl (n = 6) 

LTP (n = 14) 
Ctrl (n = 10) 

LTP (n = 10) 
Ctrl (n = 5) 

0 

0.5 

1 

1.5 

2 

0 15 30 45 60 75 
0 

0.5 

1 

1.5 

2 

0 15 30 45 60 75 

0 15 30 45 60 75 0 15 30 45 60 75 
0 

0.5 

1 

1.5 

2 d WT

0
0.2
0.4
0.6
0.8

1
1.2

0 
0.2 
0.4 
0.6 
0.8 

1 
1.2 

0

0.2

0.4

0.6

0.8

1

N
or

m
al

iz
ed

 E
P

S
C

S
p

in
es

 p
er

 µ
m

a b

c

0 

0.2 

0.4 

0.6 

0.8 

1 

* 

* * * * 

Uninfected APPct100
infected

S
p

in
es

 p
er

 µ
m

S
p

in
es

 p
er

 µ
m

*

WT 

P
ro

te
in

 s
iz

e 
(k

D
a)

N
or

m
al

iz
ed

fE
P

S
P

 s
lo

p
e

N
or

m
al

iz
ed

fE
P

S
P

 s
lo

p
e

A
β4

2
A

β4
0

Time (min) Time (min) 

WT WTPrnp–/– Prnp–/–

Prnp–/–

Prnp–/–

Prnp–/–Prnp–/–

+ APV
Prnp–/–

+ APP
WT

+ APV

6 
15 
26 
37 
64 

180 

Aβ4
0
Aβ4

2 Aβ40 Aβ42Ctrl Aβ40 Aβ42 Aβ40 Aβ42Ctrl

Figure 1 | PrPC is not required for amyloid-b-induced synaptic deficits.
a, Depression of whole-cell recorded synaptic AMPA receptor currents in a
CA1 hippocampal neuron infected with Sindbis virus expressing APPct100
(grey bars) compared to a simultaneously recorded non-infected neuron
(white bars) in wild-type (WT; 73 6 8%, n 5 18, P 5 0.02) and Prnp2/2

slices (59 6 9%, n 5 25, P 5 0.002). Incubation of slices with 100mM
D-amino-phosphono-valeric acid (D-APV) during APPct100 expression
abolished synaptic depression in WT (98 6 11%, n 5 12, P 5 0.6) and
Prnp2/2 slices (105 6 13%, n 5 13, P 5 0.6). EPSC, excitatory postsynaptic
current. b, Decreased spine density by APP expression in WT (n 5 14 APP
expressing, n 5 9 control dendrites, P 5 0.03) and Prnp2/2 slices (n 5 13
APP expressing, n 5 9 control dendrites, P 5 0.01). Representative images of
a dendrite in conditions as indicated. c, Spine loss in PrPC-deficient
hippocampal slices is specific to incubation with oligomeric amyloid-b.
Ab42, but not Ab40, preparation produced high molecular mass oligomers,
as indicated by western blot analysis. WT and Prnp2/2 slices were incubated
with no peptide (ctrl: WT, n 5 22; Prnp2/2, n 5 22), with Ab40 (WT, n 5 22;
Prnp2/2, n 5 20), or with Ab42 (WT, n 5 22; Prnp2/2, n 5 22) at 1 mM
peptide concentration for 24 h, and spine densities were analysed blind to
the experimenter. Spine densities were unaffected by monomeric amyloid-b

incubation (WT, P 5 0.4; Prnp2/2, P 5 0.9), but significantly reduced by
incubation with oligomeric amyloid-b (WT, P 5 0.02; Prnp2/2, P 5 0.03).
Representative images of a dendrite in conditions as indicated. d, Oligomeric
Ab42 blocks LTP independent of the PrPC. Hippocampal slices were isolated
from 2–3-month-old WT or Prnp2/2 mice. Field excitatory postsynaptic
potentials (fEPSPs) were measured on two independent pathways in the
presence of either 500 nM Ab40 or 500 nM Ab42. A control pathway (open
circles) was recorded while theta burst stimulation (ten 100-Hz four shock
bursts with 200-ms interburst intervals, arrow) was delivered to the second
pathway (filled circles) after recording a 15 min baseline. LTP was
significantly depressed by Ab42 compared with Ab40 in both WT
(P , 0.001) and Prnp2/2 slices (P , 0.001). When compared to their
corresponding control pathway, LTP was successfully induced in WT
(P , 0.05) and Prnp2/2 slices (P , 0.05) treated with monomers. Block of
LTP was found in both WT (P . 0.05) and Prnp2/2 (P . 0.05) oligomer-
treated slices when compared to their corresponding control pathway.
Statistical comparisons (P) were performed using paired (a) or non-paired
(b–d) two-tailed Student’s t-test of log-transformed data. All error bars,
s.e.m.; asterisk indicates P , 0.05.
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amyloid-b oligomers were shown to impair long-term memory
equally in PrPC-lacking and PrPC-expressing mice12. Thus, although
oligomeric amyloid-b can bind PrPC, it does not seem to be the
receptor responsible for synaptic perturbations caused by oligomeric
amyloid-b. Elucidation of the molecular mechanisms by which
amyloid-b produces synaptic perturbations remains as a major goal
in finding therapeutic treatments of Alzheimer’s disease.

METHODS
C57/BL10 and C57/BL10 Prnp2/2 mice were provided by M. Oldstone (Scripps

Research Institute, grant AG04342). Organotypic slice cultures were infected at

7–12 days in vitro with Sindbis virus expressing APPct1003. After 24 h simultaneous

whole-cell paired recordings were obtained as described previously13. At 12–17 days

in vitro slices were infected with Sindbis virus expressing tdTomato or APP plus

tdTomato for 48 h, or infected with eGFP and incubated with 1mM monomeric

Ab40 or oligomerized Ab4214 for 24 h. Two-photon laser scanning images were

taken of dendrites at the site of primary apical dendrite bifurcation. Spine densities

were counted as described previously4. The protocol for the LTP experiments was as
described in Laurén et al.8. This work was supported by NIH grant AG032132 and

the Shiley-Marcos Endowment for Alzheimer’s Disease Research to R.M.
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Laurén et al. reply
Replying to: H. W. Kessels, L. N. Nguyen, S. Nabavi & R. Malinow Nature 466, doi:10.1038/nature09217 (2010)

Amyloid-b oligomers are correlated with Alzheimer’s disease pro-
gression and suppress synaptic plasticity1–3. Through unbiased
expression cloning, we identified cellular prion protein (PrPC) as
an amyloid-b oligomer binding protein4. PrPC was necessary for
acute amyloid-b(1242) (Ab42) oligomer suppression of synaptic
plasticity4; thus, it becomes critical to explore the importance of
PrPC in a range of Alzheimer’s-disease-related deficits. Transgenic
Alzheimer’s disease model mice show deficits of spatial learning
and memory5, so the most direct assessment of PrPC will monitor
memory in transgenic Alzheimer’s disease model mice deficient for
PrPC. In this paradigm, amyloid-b species are produced endogen-
ously and the brain is exposed chronically over months. Recently,
we have found that deletion of PrPC from APPswe/PSen1DE9 trans-
genic mice restores spatial learning and memory without altering
amyloid-b6. Furthermore, the early death, synapse loss and sero-
tonin axonal degeneration of transgenic Alzheimer’s disease mice
require PrPC (ref. 6). Kessels et al.7 examine PrPC in alternative
paradigms.

First, Kessels et al.7 overexpressed carboxy-terminal amyloid pre-
cursor protein (APP) in cultured neurons. Consistent with their
previous findings, expression of this APP fragment led to a-amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid receptor (AMPAR)
internalization and reduced dendritic spine density8,9. Viral expres-
sion is likely to involve monomeric amyloid-b and physiological
APP. To our knowledge, there is no evidence that local viral expres-
sion produces pathological amyloid-b oligomers. Because PrPC

shows little affinity for amyloid-b monomer4, it follows that the
effects of viral APP will be unaltered in Prnp2/2 neurons. Indeed,

decreases in AMPAR and dendritic spines were unchanged by the
absence of PrPC.

Next, Kessels et al.7 exposed neurons to synthetic amyloid-
b(1240) (Ab40) or Ab42 (monomeric or oligomeric in SDS, respec-
tively). PrPC was not required for Ab42-induced dendritic spine loss
over 24 h. As we4 and others10 have observed that the PrPC accounts
for approximately half of neuronal Ab42 oligomer binding, other
sites may replace PrPC function in spine morphology. Of note,
Kessels et al.7 used oligomer concentrations more than an order of
magnitude greater than those reported for amyloid-b–PrPC inter-
action4,11, which might engage additional PrPC-independent
mechanisms.

A third experiment by Kessels et al.7 was similar to that described in
our own Fig. 44. In distinction to our own findings and those of others
(see http://www.alzforum.org/pap/annotation.asp?powID598973 for
comment on ref. 11), Kessels et al.7 observed Ab42 suppression of CA1
plasticity in Prnp2/2 slices. A possible explanation for this outcome
of Kessels et al.7 is provided by the fact that plasticity suppression
by amyloid-b oligomer was total (100%) at the earliest time points.
In contrast, previous studies demonstrated limited decrement of
short-term potentiation by amyloid-b oligomer1,3,4,12–14. Rather, the
maintenance/consolidation of potentiation is impaired by amyloid-
b1,3,4,12–17. The Ab42 preparation of Kessels et al.7 has distinct effects
on plasticity, and these are PrPC-independent. This Ab42 sample also
suppresses baseline transmission by ,25%, which is indicative of more
general or non-specific toxicity. Native Ab42 biochemical analysis of
this preparation without SDS would be helpful. Potentially, amyloid-b
suppression of baseline transmission and immediate plasticity by this
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particular preparation are PrPC-independent, whereas LTP mainten-
ance/consolidation is PrPC-dependent.

PrPC dependency may also vary with dosing. PrPC is not a trans-
membrane protein, so its primary function may be in binding and
concentrating amyloid-b oligomers at the neuronal surface. Local
accumulation may then permit action at a transmembrane co-receptor
when amyloid-b oligomer is dose-limited, rather than saturated. Thus,
PrPC may be essential for amyloid-b oligomer action at low concen-
trations but dispensable at higher concentrations. For oligomers, effec-
tive concentrations are difficult to standardize. It will be valuable to
examine various amyloid-b species in multiple assays and doses to
confirm the full extent of PrPC participation.
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